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ABSTRACT

HOLOCENE ARROYO CUT AND FILL CYCLES,
SOUTH-CENTRAL WASHINGTON
by
Matthew Ian Durkee
June 2012

Ephemeral streams have cut deeply incised arroyos into alluvial and eolian
sediments in many of the watersheds within the Yakima Training Center (YTC) military
reservation, south-central Washington. The most recent channel incision episode along
Selah Creek is primarily attributed to multiple failures of an irrigation reservoir dam
during the winters of 1909 and 1910. The modern arroyo exposed evidence of at least one
previous episode of arroyo incision to a depth of ~4 m that occurred just prior to 15301340 cal yr BP. Filling of this paleo-arroyo with fine to coarse grained sand ceased
between 650-103 cal yr BP. Changes in paleoclimatic conditions resulting in an increased
sediment supply and/or flood magnitude and frequency could have contributed to the
initiation of incision of paleo-arroyo(s) within the Selah Creek basin. Almost no overlap
of the timing of arroyo incision exists between the northwestern and southwestern U.S.
which allows for the possibility of negative correlation between regions.
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CHAPTER I
INTRODUCTION
The word “arroyo” is Spanish for brook. In English geoscience nomenclature
“arroyo” means a continuously entrenched stream channel in cohesive valley floor
alluvium (Figure 1) (Bull, 1997). Arroyos are major landforms of stream-channel
entrenchment that persist for more than a century, in contrast to gullies, which have a
relatively small size and only exist for a few years. These channels are often located on
ephemeral and intermittent streams in arid and semi-arid environments and are incised
relatively quickly during flood events, but can take centuries to backfill (Bull, 1997).

Figure 1. An example of an arroyo at Selah Creek, Washington. Photograph taken during
a February 2008 rare runoff event. The arroyo depth is approximately 5 m.
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Although much has been written about arroyo formation, the exact nature of this
phenomenon is not well understood (Alford, 1982). Some commonly suggested causes
include changes in climate (Bull, 1997; Waters and Haynes, 2001; Hereford, 2002),
anthropogenic disturbance (Alford, 1982; Antevs, 1952; Fanning, 1999), and stream base
level (Schumm and Hadley, 1957; Patton and Schumm, 1981; Gonzalez, 2001). Other
potential causes, such as periodic internal thresholds in the stream system, are difficult to
determine (Gonzalez, 2001). Channel incision typically starts at the toe of a channel fan
where steeper gradients cause sheetflow to converge, concentrating flow and forming
knickpoints. These headcuts or knickpoints converge to form a single channel with
increased stream power that migrates upstream along a single knickpoint (Bull, 1997).
There has been debate about the cause(s) of the channel entrenchment since the
first southwestern U.S. arroyo studies in the early 1900s. Many early researchers (Dodge,
1902; Bailey, 1935) believed that anthropogenic disturbance including overgrazing and
logging destabilized stream channels, causing arroyo entrenchment in historic times.
Cooke and Reeves (1976) cited anthropogenic changes to floodplains, including
construction of roads and irrigation ditches as other mechanisms for arroyo incision.
While the hypothesis that anthropogenic land use causes arroyo incision has persisted in
later studies (Alford, 1982; Fanning, 1999; Peacock, 1994; Sullivan, 1994), paleo-arroyos
that incised thousands of years before present have been identified in the stratigraphy of
modern arroyo walls (Bryan, 1925; Hereford, 2002; Waters and Haynes, 2001; Webb,
1991). These discoveries show that anthropogenic disturbance cannot account for all
arroyo incision throughout the Holocene (Bull, 1997; Cooke and Reeves, 1976).
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The primary objective of this study is to locate and characterize paleo-arroyos that
incised and backfilled prior to Euro-American settlement in the Selah Creek watershed
located on the Yakima Training Center (YTC) military reservation, Washington State,
U.S. (Figures 2 and 3). Limited research exists linking arroyo processes to natural
climatic shifts in the northwestern U.S. By investigating the stratigraphy, sediment
characteristics, and timing of past arroyo channel incision and channel aggradation within
the middle reach of Selah Creek, this study aims to identify any systematic links between
this stream system process and climatic or other changes.

Figure 2. General location of the YTC.
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Figure 3. The YTC (black line is boundary) and vicinity with the Selah Creek watershed
highlighted (dark blue line).
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Secondary objectives include documenting the story of the Pleasant Valley Dam
and the modern arroyo along Selah Creek, comparing the timing and possible causes of
both modern and paleo-arroyo processes in Selah Creek to those in other watersheds in
eastern Washington, and identifying any initial positive or negative correlations of
northwestern U.S. arroyo cycles with similar alluvial cycles in the southwestern U.S.
The following provides an overview of the regional setting for this study,
previous related research of northwestern U.S. arroyos, and environmental and societal
implications of the channel incision.
Regional Setting
The YTC is located in south-central Washington State, U.S. (Figure 2). The YTC
is bounded by the Columbia River to the east, Interstate 90 to the north, Interstate 82 to
the west, and extends just beyond Yakima Ridge to the south (Figure 3). This area
measures approximately 1324 km2 (ENRD, 2001), which is equivalent to half the size of
the state of Rhode Island. No streams within the YTC have perennial flow for their entire
length. All streams are either intermittent or ephemeral. This study focused primarily on
sites within the middle reach of Selah Creek. Most (94.5%) of the Selah Creek watershed
is located with the YTC (Figure 3). It is also the largest watershed in the YTC at 247 km2,
although flow is intermittent with only ephemeral flow at the paleo-arroyo study sites.
Climate of Modern South-Central Washington
Modern climate is that of a shrub steppe, influenced by air masses following the
path of westerly winds and controlled by the rain shadow of the Cascade Mountains
(Tyler, 2006). Mean daily temperature averaged between -3.9 and 1.7°C during winter
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months and between 15.6 and 21.1°C during summer months from 1971 to 2000 (NCDC,
2011). Annual mean precipitation is 19.05 cm, with a majority falling between November
and March, usually as snow in the higher elevations (Tyler, 2006). Measurements of loess
thickness and grain size across the Columbia Plateau indicate that prevailing winds in
south-central Washington have been from the southwest for at least the past 70 ka
(Sweeney et al., 2005), although there is at least some local variation in modern wind
directions including from the west and northwest.
Flooding is most often associated with regional rain-on-snow events or more
localized spring and summer thunderstorms (Dunham, 2007). Throughout the
northwestern U.S., including south-central Washington, precipitation and temperatures
are often affected by the El Niño/La Niña-Southern Oscillation (ENSO). Below normal
temperatures and above normal precipitation often occur more frequently during La Niña
phase years of the ENSO. This above normal precipitation often leads to flooding
(Mantua et al., 1997). If a La Niña year coincides with the negative phase of the Pacific
Decadal Oscillation (PDO), increased precipitation and decreased temperatures are
intensified. During El Niño phase years, temperatures usually are above normal and
precipitation is below normal often resulting in drought conditions (Mantua et al., 1997).
Geologic Setting
The Miocene Columbia River Basalts and Ellensburg Formation (epiclastic and
volcanoclastic sediments) make up a majority of the regional bedrock (Figure 4). The
flows that formed these groups occurred during the middle Miocene 10.5-16.5 mya
(Campbell, 1998). Formation of the Yakima Fold and Thrust Belt created west- to east-
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100
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Figure 4. Regional geology map. Displays extents of the Columbia River Basalts, Cordilleran Ice Sheet, and Missoula Floods.
The YTC boundary is shown as a white line with a red star representing the Selah Creek study area. This map was adapted
from Norman et al. (2004).
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trending ridges (anticlines) and valleys (synclines) (Figure 3). Uplift, folding, and
faulting associated with this fold belt is thought to have begun up to 15 mya, becoming
greatest 4-5 mya, and continuing to the present at a reduced rate (Campbell, 1998). The
broad north-south trending Hog Ranch-Naneum Ridge anticline also formed in the
middle of the YTC (Schuster, 1994) creating a ridge that acts as the major divide where
streams to the west flow to the Yakima River and streams to the east flow to the
Columbia River (Sullivan, 1994). This anticline is an extension of the Leavenworth fault
system (Campbell, 1998).
Quaternary deposits are composed of Missoula Flood deposits (Figure 4), eolian
deposits (loess), alluvial fans, alluvium, and colluvium. Missoula floodwaters deposited
materials along the eastern portion of the YTC to an elevation of ~381 m during the late
Pleistocene until about 13 ka (Campbell, 1998; Norman et al., 2004). The lowest reach of
Selah Creek located below an elevation of ~381 m was likely submerged by the Lake
Lewis Yakima Arm. The Lake Lewis Yakima Arm was one of a number of temporary
slackwater lakes that existed when the waters of the Missoula Floods backed up behind
topographic constrictions such as Wallula Gap (Figure 4). The Selah and Cold Creek
arroyos are both well above the Missoula Flood deposits. It is possible that modern
arroyos located in the lowest reaches of Johnson Creek, Hanson Creek, Ryegrass Coulee,
and Dry Creek (Figure 3) have incised into sediments located in areas inundated by the
Missoula Floods.
Loess originating from Missoula Flood and glacial deposits at the end of the
Pleistocene (Campbell, 1998) composes the primary valley fill units throughout the YTC.
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In addition to sediment sources from mountain glaciers during the end of the Pleistocene,
much of the loess likely originated from the Yakima River valley to the southwest. Fine
grained silt settled out of the waters of the Lake Lewis Yakima Arm onto the valley floor
during the Missoula Floods forming slackwater lake deposits. This material was then
transported by eolian processes and deposited on the YTC as loess mantles on the ridges
and directly into the valleys. Loess from these ridge mantles has been transported by
water, reworked, and deposited on the valley floors as a fine alluvium.
Anthropogenic Land Use and Disturbance
The oldest known archeological sites on the YTC were inhabited between about
10.5 ka-8 ka and are located in the eastern portion of the installation. Ungulates that are
now extirpated from the YTC, including bison, pronghorn, and bighorn sheep, were
hunted, although salmon were one of the main food sources. Native Americans occupied
winter villages along the Columbia and Yakima Rivers and followed seasonal routes
further into the YTC (ENRD, 2002). No literature was located by this study or Sullivan
(1994) that documents Native American using fire to burn portions of the YTC or other
shrub steppe areas. Native Americans, including the Yakamas and Wanapums, continue
to use the YTC and surrounding areas for root gathering, hunting, and ceremonies.
Euro-American land use has altered the landscape of the YTC and surrounding
areas since the late 1800s. Sheep and cattle grazing were widespread from this time for
over a century, decreasing in 1980 and ending on the YTC in 1995 (Dunham, 2007). The
only exception to this pattern since 1995 has been one or two brief sheep herding
movements north and south through the YTC per year to move sheep to high elevation
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pastures for the summer and back to the valley south of the YTC for the winter. These
movements are monitored by YTC staff for any environmental impacts. Homesteads and
land developments were constructed along the riparian corridors and some were inhabited
up until the land was purchased by the U.S. Army. Logging associated with the building
of homestead structures has been thought to have been a factor in the destabilization of
the riparian corridors along of Johnson Creek and possibly other nearby creeks (Sullivan,
1994). A railroad line was constructed in 1908-1909 (Owens, 2005) across the northern
portion of what is now the YTC along Johnson and Johnston Creeks. In general, beaver
trapping has also been thought to play a role in causing arroyo incision (Blanton, 2004).
While beavers do fell small-diameter trees, the dams constructed from these trees slow
stream flow and allow for aggradation of sediment (Blanton, 2004). Beavers are currently
active on most intermittent YTC streams that flow into the Columbia River (Figure 3)
and have constructed a series of dams within the modern Hanson Creek arroyo, but any
connections with arroyo incision on the YTC has not been studied. Determining if any
connections between beaver trapping and modern arroyo incision may not be possible for
the YTC or the rest of eastern Washington since little documentation of the trappings
exists (Sullivan, 1994).
During World War II, the U.S. Army purchased and leased land for a firing range
including the middle reach of Selah Creek (ENRD, 2002; Owens, 2005; Sullivan, 1994).
More land was purchased in the 1950s north to the Saddle Mountains (Figure 3) and the
types of military training were expanded (ENRD, 2002). The area north of the Saddle
Mountains and south of Interstate 90 (Figure 3), including Johnson Creek, was purchased
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in 1995 to provide additional military training areas and is referred to as the “Northern
Expansion Area”. In addition to vegetation disturbance and soil compaction from tracked
and wheeled vehicle use, the primary disturbance from military training has been range
fires, especially in the southern half of the YTC where most of the live ammunition
shooting ranges are located. Areas surrounding some high-use training ranges have
burned repeatedly, including Range 15 where this study’s paleo-arroyo sites are located.
Invasive species such as cheatgrass (Bromus tectorum), increase the frequency of fires by
providing a dry blanket of fuel for fires to consume (Dunham, 2007). Military training
has led to some increased erosion, which the U.S. Army mitigates through its Land
Rehabilitation and Maintenance program. This land use was ruled out as a cause of
modern arroyo incision on the YTC because the incision occurred prior to military use
and ownership of the area.
Previous Northwestern U.S. Studies
Relatively few studies have focused on arroyos in the northwestern U.S.
compared to the southwestern U.S. A number of graduate theses have focused on
documenting and understanding the processes of modern arroyos in eastern Washington
and Oregon. The possible causes and timing of modern arroyos have been studied on
West Foster Creek in north-central Washington (Blanton, 2004), Meyers Canyon in
central Oregon (Peacock, 1994), and Camp Creek in central Oregon (Buckley, 1992;
Crook County Soil and Water Conservation District, 2007; Welcher, 1993). The bedrock
geology and depositional environments vary between all of these arroyo study sites which
should be taken into account when making comparisons between these studies.
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A number of previous related studies were completed on or near the YTC,
including both theses and archeological studies. Pavish (1973) examined the stratigraphy
exposed by the arroyo in Ryegrass Coulee (Figure 3) and Bock Spring as part of a
geology thesis. Cochran (1978) completed a thesis describing the stratigraphy and
alluvial processes of Johnson Creek related to the archeological record. Sullivan (1994)
completed a thesis documenting the modern arroyo incision along Johnson Creek (Figure
3) and describing possible salmon habitat enhancement projects. King and Putnam (1994)
documented the stratigraphy of several sites within the middle reach of Selah Creek
(Figure 3) related to the archeological record in preparation for a range construction
project by the U.S. Army.
The most comprehensive stream sediment chronology study on the YTC by Galm
et al. (2000) was contracted to the Eastern Washington University Department of
Geography and Anthropology by the U.S. Army. The study contains ages from 41 14C
and 18 tephra samples for various locations throughout the YTC, some of which have
been referenced in this study. The intent of this study, nicknamed “Project Fogoil,” was
to create a baseline 14C record for the YTC because of possible future contamination due
to a new smoke obscurant containing carbon-based graphite. The environmental review
including the “Fogoil” study was completed, but the new graphite-based smoke obscurant
was never actually used at the YTC (L.T. Oxford, personal communication, 2010). Galm
et al. (2000) identified four alluvial cycles that occurred during the late Pleistocene and
Holocene on the YTC streams. Galm et al. (2000) also focused on comparing these
alluvial cycles to the archeological record.
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While paleo-channels and gullies have been documented by Galm et al. (2000)
and Cochran (1978) in some watersheds besides Selah Creek including Cold, Johnson,
and North Fork Lmuma Creeks, determining the timing of incision was not the focus of
those studies and none were described to be as close in magnitude to the modern incised
channels. The studies by Galm et al. (2000) and King and Putnam (1994) included sites
within Selah Creek, but no paleo-arroyos or channels were identified.
While not located directly adjacent to the YTC, Huckleberry (2007) prepared an
unpublished report on alluvial cut and fill cycles on tributary streams to the Palouse and
Snake Rivers (Figure 2) in the Palouse region located to the east of the YTC culminating
from work conducted during a series of annual university field courses.
Environmental and Societal Implications
Increased knowledge and understanding of arroyo processes will not only explain
why and how these “miniature Grand Canyons” form, but also allow for more informed
planning and decision making in regard to watershed management. Arroyos create
barriers for travel, negatively impact infrastructure, increase sediment loads in streams
that might negatively affect aquatic organisms including fish, and decrease stream habitat
and agricultural productivity (Figure 5) (Aby et al., 2004). There has even been at least
one instance where the unstable walls of an arroyo have collapsed and buried people,
causing a fatality (Lund, 2005).
Arroyo incision removes streams and rivers from the floodplain which can create
a number of problems including increased flooding downstream and the lowering of
water tables (Aby et al., 2004). As arroyos incise, floods are more channelized and do not
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Abandoned Ranch Buildings

Figure 5. Johnson Creek arroyo and abandoned ranch buildings. Collapsed buildings and
fences separated by the Johnson Creek arroyo at the Rye locality (2007 photograph
facing north).
infiltrate as much as if they were able to disperse over the floodplain. This causes more
flow to reach areas downstream of the arroyo resulting in increased flooding. When
sediment removed during arroyo incision is transported and deposited in these same
downstream areas, channel capacity is also reduced here, which increases flooding
potential even further. Arroyo incision also lowers the water table by removing the
stream from the floodplain and decreasing the stream channel elevation (Aby et al.,
2004). Alluvial sediments that held groundwater before arroyo incision are now at a
higher elevation relative to the stream flow and lose water to the stream instead of
gaining it. Lower water tables may have both a negative effect on agriculture and natural
vegetation (Aby et al., 2004).
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The Rio Puerco River in New Mexico is an example of a river with increased
sediment loading due to arroyo incision. The increased sediment load associated with the
arroyo entrenchment has caused the Rio Puerco River to contribute 78 percent of the total
suspended sediment load of the Rio Grande River at the Elephant Butte Reservoir, while
only contributing 4 percent of the flow (Aby et al., 2004). While the sediment loads and
peak discharge have declined since the 1940s, the Rio Puerco River still supplies this
high sediment load because headward erosion of tributary arroyos is still very active and
substantial amounts of sediment are derived from caving of arroyo walls along both the
main channel and tributaries (Aby et al., 2004).
Arroyo incision has also been the catalyst for entire human settlements to be
abandoned, both Euro-American and Native American. In the late 1880s, entrenchment
of the Rio Puerco River forced three towns to be abandoned (Bryan, 1925). In other areas
of the southwestern U.S. substantial property damage, infrastructure damage, and
agricultural losses have occurred on surfaces where farms and settlements were built
prior to the erosion associated with the arroyo incision (Aby et al., 2004; Cooke and
Reeves, 1976; Harvey and Pederson, 2011). Prehistoric arroyo cutting might have forced
the Anasazi to leave southern Utah and northern Arizona (Vogt, 2003) and the Hohokam
to abandon their settlements in southern Arizona (Huckleberry, 2008; Waters, 2008).
The incision of the Meyers Gulch arroyo in central Oregon led to a disagreement
between U.S. Geological Survey and Bureau of Reclamation over discharge estimates for
the flood that led to the incision. These discharge estimates had implications for a
spillway design study for a dam located on a downstream river (Costa and Jarrett, 2008).
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In the case of the YTC, the effects of arroyo incision on Native American and
Euro-American settlements have not been documented or studied extensively.
Homesteaders were likely negatively impacted (Figure 5), although it was not
documented that any abandoned their homesteads as a direct result of the deeply
entrenched arroyos. Some might have adapted until being forced to sell their property to
the U.S. Army when the YTC installation was established and expanded. Military
training has been negatively impacted by travel (foot and vehicle) and safety constraints
related to the arroyos. The U.S. Army has also spent millions of dollars on erosion
control structures and habitat restoration over the past several decades.

CHAPTER II
METHODS
A number of methods were used to collect numerical data and observations
necessary to meet the objectives of this study. The following sections describe the
methods for the mapping, reservoir capacity calculations, stratigraphic characterization,
and geochronology that were implemented during the course of this study.
Modern and Paleo-Arroyo Mapping
In the initial phase of this study, modern steep-walled arroyo channels on the
YTC were mapped using 2005 aerial photographs and ground surveys. Incised channels
were digitized in Environmental Systems Research Institute (ESRI) ArcView 3.3 and
ArcGIS 9.2 software. Google Earth imagery photographed in 2011 was also later used to
map arroyos directly adjacent to the YTC and on the Hanford Reach National Monument
– Rattlesnake Unit. Triangular irregular network (TIN) models derived from Light
Detection And Ranging (LiDAR) data acquired by the U.S. Army in 2008 were
developed as one component of mapping modern arroyo channels. This high-resolution
LiDAR data not only allowed for more accurate mapping of the primary arroyo channels,
but also for identification of small channels leading to headcuts associated with the
arroyos that were not even visible on either the aerial photographs or on the ground.
Stream segments containing meander bends and abandoned channels were noted for
further investigation, as these areas are more likely to contain stratigraphic evidence of
paleo-arroyo channels.
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All of the arroyos located within the YTC boundaries were inspected in the field
to both verify the modern arroyo locations identified on the aerial photographs and locate
any paleo-arroyos. Backfilled paleo-arroyo channels were identified in the stratigraphy of
Selah, Cold, Hanson, and Johnson Creeks. Selah Creek was selected for detailed
mapping, stratigraphic examination, and geochronology because several paleo-arroyos
exposures not previously identified or studied were located along Selah Creek during the
initial mapping of the YTC arroyos. It was also advantageous to select Selah Creek
because of unique access available for this study between scheduled military live-fire
training exercises on the Range 15 target shooting range.
Investigation along the middle reach of Selah Creek included mapping paleoarroyo locations, measuring dimensions, and characterizing the sediment that the creek
incised through and the sediment that subsequently filled the paleo-channels. Global
Positioning System (GPS) location data points and lines were collected with a high
accuracy Trimble GeoXH GPS unit where exposures of paleo-arroyos and Mazama
tephra were identified. After differential correction of data collected by the GeoXH GPS,
horizontal accuracy of ±10 cm and vertical accuracy of ±15 cm is expected according the
specifications of the GPS unit. All location coordinates are given in the Universal
Transverse Mercator (UTM) geographic coordinate system. The coordinates were
projected using the World Geodetic System (WGS) 84 datum. These were selected
because they are used by the U.S. Army and were used in previous studies on the YTC.
Historical aerial photographs available from the YTC and the Central Washington
University Geography Department were examined to determine the timing of incision of
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the modern arroyos located within the vicinity of the YTC. Aerial photographs for
arroyos within Yakima County (Selah and Cold Creeks) were available for 1949. Aerial
photographs for arroyos within Kittitas County were available for 1942 (all other arroyos
except the Dry Creek arroyo which is located in Benton County). Historical aerial
photographs for only the far western portion of the Dry Creek modern arroyo incision in
Benton County were located. Aerial photographs were taken in 1927 of at least the mainstem rivers (Yakima and lower Naches Rivers) in the central portion of the Yakima River
basin, but none are believed to have been taken outside of this area, including the YTC
(K. Lillquist, personal communication, 2012).
Pleasant Valley Reservoir Capacity Modeling
The extent and the capacity of the Pleasant Valley Reservoir were modeled using
the current (2008) topography and the current elevation of the crest of the dam remnants.
While topography in 2008 was probably very similar to the topography that existed in
1909 and 1910 when the reservoir was filled to capacity, it could vary slightly due to
changes in stream morphology or small excavations associated with military training.
The Polygon Volume Tool included with the ESRI ArcMap 9.2 software was
used to model what the reservoir might have looked like in 1909 and calculate an
estimate of the capacity. The method required the creation of a TIN from the LiDAR
elevation data. LiDAR data was acquired by the U.S. Army for the YTC in 2008. A
bathymetry map with 1 m contours was created from a TIN in the ESRI ArcMap 9.2
software when this LiDAR data was input and processed. The TIN was used in
conjunction with the Polygon Volume Tool to calculate an estimated volume of the
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reservoir. The Polygon Volume Tool requires a surface polygon to be input with the TIN
to calculate the volume. A contour line from the TIN that matched the current crest of the
dam was used to create this surface polygon. The Polygon Volume Tool then calculates
the volume of the area below the elevation of this contour and above the TIN surface
(bottom of the reservoir).
Stratigraphic Characterization
Detailed stratigraphic unit descriptions were collected at the Selah Creek paleoarroyo sites. Descriptions included unit thickness, approximate grain size (based on a
sample chart), sorting, bedding, structures, and color. A description of the continuity of
charcoal units was also included for those units. In addition to measuring unit thickness,
the horizontal extent of selected units was also measured taken at the highest elevation of
the unit. It is important to note that modern channel incision has removed portions of
these units, but the measurements provide a minimum constraint of the horizontal extent
of the unit.
The stratigraphic units were delineated by the different characteristics of the
sediment and the results of 14C and tephra laboratory analyses. The primary unit numbers
(i.e. Unit 1) assigned are consistent among all sites with these generalized units being the
same at each site. Most of the units identified and described are present at each site. The
sub-units delineated by the number after the decimal points (i.e. Unit 1.1) are more
specific to each site as each of these sub-units are not observed consistently at every site.
Unit numbers descend in order of age with the most recently deposited unit starting at
Unit 1 and the Unit 6 representing the oldest unit observed.

21
Grain size analysis was not completed using a sieve or laser diffractometer as
there did not appear to be significant differences in grain size within sub-units observed.
The uranium contamination discovered at the Bank Swallow Site also added a concern
for handling any additional material from at least this site.
Geochronology
Radiocarbon, optically-stimulated luminescence (OSL), and tephra-derived ages
were used to determine the timing and correlation of episodes of channel incision and
sediment aggradation at three sites within the middle reach of Selah Creek. Sediment
units appropriate for radiocarbon and OSL dating were identified and systematically
sampled to bracket the cut and fill ages of the paleo-arroyo(s) in Selah Creek.
Dendrochronology was also applied toward a secondary objective of identifying the
timing of incision of the modern Cold Creek arroyo.
Five charcoal samples were collected from defined layers in the strata resulting
from prehistoric range fires and submitted to Beta Analytic laboratory for 14C analysis.
Of these, four samples were processed through the Accelerator Mass Spectrometry
(AMS) method and one sample was processed through the conventional radiometric
dating method.
One OSL sample was collected from the valley fill unit composed of alluvium
and loess following instructions from both the Utah State University OSL Laboratory and
the University of Illinois at Chicago OSL Laboratory. The sample was sent to the
University of Illinois at Chicago OSL laboratory and processed by Dr. Steven L. Forman.
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One tephra sample was collected and sent to the School of Earth and
Environmental Sciences GeoAnalytical Laboratory at Washington State University for
electron beam analysis on tephra shard material. The JEOL 8500F field emission electron
microprobe was used to determine the major-element chemical compositions of the
tephra shards. Dr. F.F. Foit correlated the major-element compositions to the
geochemistry of known tephra samples.
For a secondary objective of this study, a 30.5-cm increment borer was used for
dendrochronological analysis of five cottonwood trees located in Cold Creek to assist in
determining when the modern arroyo along this stream incised. Unlike evergreen tree
rings which are fairly easily to differentiate and count, cottonwood trees grow much of
the year, thus making these rings more difficult to differentiate and count because of this
eccentric growth (Gonzalez, 2001). The length of the increment borer was also just short
of being able to core the middle of the largest tree. Rings from the tree cores were
counted in the field and the cores were returned into the tree. The tree cores were not
removed from the tree permanently and dried for further evaluation because of concerns
of possible damage to the trees. A minimum age of each tree was estimated.

CHAPTER III
MODERN ARROYOS
This chapter primarily describes the modern Selah Creek arroyo including the
story of Pleasant Valley Dam and Spitzenburg. “Pleasant Valley” is located in the middle
reach of Selah Creek (Figure 6). The locations, timing, and possible causes of incision,
and any correlations with other modern arroyos in south-central Washington and the rest
of the northwestern U.S. are also discussed.

Figure 6. Selah Creek watershed (outlined with a dark blue line). The Selah Creek
modern arroyo is displayed as a red line over the light blue dashed line representing Selah
Creek. Other important geographic locations are included for reference.
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Pleasant Valley Dam and Spitzenburg
During the early 1900s a number of irrigation projects were implemented around
the Yakima Valley to convert the shrub steppe to agricultural land use (Dick, 1993). In
some cases land developers created these irrigation projects as a means to entice settlers
from as far away as the eastern U.S. coast to move to the Yakima Valley and to buy land
for agriculture from their land development companies (Haynes, 1971). One such land
development scheme was “Pleasant Valley,” located along the middle reach of Selah
Creek to the northeast of the town of North Yakima (now the City of Yakima) within the
present day Yakima Training Center military reservation (Figure 6). The Range 15 target
shooting range now encompasses this middle reach of Selah Creek. The original name of
the area had been Rye Grass Flats, but the land developers opted for the more “pleasant”
sounding name to further entice settlers to buy the land (Owens, 2005). The articles of
incorporation for the Pleasant Valley Irrigation Company were signed and received by
Yakima County on November 4, 1907. The document was signed by the three company
officers including H.H. Allen, O.B. Young, and J.J. Crawford (Allen et al., 1907).
The main attraction of the development was the construction of Pleasant Valley
Dam, which was built during the spring of 1908 with the intent of capturing the winter
and spring runoff each year and impounding it to be used to irrigate approximately 1214
hectares of agricultural crops within Pleasant Valley. The water could then be used
during the summer and early fall when the flow of Selah Creek decreased (Haynes, 1971;
Lince, 1984). A three-mile long main irrigation canal with approximately five miles of
laterals was constructed to carry the irrigation water from the reservoir to the crops.
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Crops included apple and pear orchards, potatoes, and wheat among others. Throughout
the spring of 1908 numerous newspaper articles and advertisements (Figure 7) for the
Pleasant Valley Irrigation Company appeared in both of the Yakima newspapers, the
Yakima Morning Herald and the Yakima Daily Republic (Haynes, 1971). Haynes (1971)
provides the dates and summaries of many of these articles and advertisements which
were useful when locating them on the microfilm copies of the newspapers.

Figure 7. Pleasant Valley Irrigation Company advertisement. An example of the
advertisements for the Pleasant Valley Irrigation Company that ran in the spring of 1908
in the Yakima Morning Herald.
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An advertisement in June 1908 announced completion of the Pleasant Valley
Dam on Selah Creek, measuring approximately 274 m long and 12 m high. It is possible
that this dam might have been the first constructed in the northwestern U.S. intended to
create an artificial reservoir for irrigation. A Yakima Project history report by the U.S.
Bureau of Reclamation mentions a small-scale crib dam built by the Cascade Canal
Company on Lake Kachess in 1902, but that dam only was built to increase the capacity
of a natural lake (Dick, 1993). Some concerns arose during construction of the Pleasant
Valley Dam, as several pumps were needed to divert water that was constantly seeping
under the dam during construction (McCormick, 1987), and some settlers claimed the
dam had not been constructed down to bedrock (Haynes, 1971).
The town of Spitzenburg, created as part of the Pleasant Valley land development
and named for a popular apple variety of the time, was first mentioned in an
advertisement appearing on September 4, 1908 (Haynes, 1971). It was located near the
present-day Selah Airstrip (Figure 6) in the northwestern corner of the valley in the
general vicinity of the terminus of the canal from the Pleasant Valley Dam. The town
boasted a hotel, restaurant, general store, school, post office, park, surveyor’s office, and
blacksmith shop (Owens, 2005).
In January of 1909, a rain-on-snow event occurred and filled the reservoir to
capacity. The dam was equipped with a spillway on the northern side, but concerns grew
over the stability of the dam because of the large amount of ice that was accumulating
against the dam including the spillway. An article even ran in the Yakima Morning
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Herald on January 21, 1909 discussing details of the situation (Figure 8). The Pleasant
Valley Irrigation Company tried for several weeks to alleviate the situation.
Prior to this study, an estimated volume of the Pleasant Valley Reservoir had not
been calculated for January or early February of 1909, when it was at maximum capacity.
Using ArcMap 9.2 software including the Polygon Volume Tool and 2008 LiDAR data,
the reservoir’s surface area and volume were estimated. The surface area of the reservoir
is estimated to have been 0.33 km² and the reservoir contained an estimated volume of
1,042,548 m³ (845 acre-feet).

Figure 8. The Pleasant Valley Reservoir bathymetry model. The model includes 1 m
contours (varying shades of blue; depth increases with darker shades) and was derived
from 2008 LiDAR data.
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The Pleasant Valley Dam Fails!
On February 5, 1909, the Pleasant Valley Dam failed, sending a massive flood of
water down Selah Creek. There was significant debate and conflicting stories from the
witnesses concerning why the dam failed. Possible causes related to poor engineering
included a break in the aqueduct and problems with the flood gates. A dynamite charge
might have also led to the failure, set off to break up ice blocking the spillway/flood
gates. Some settlers even believed it was set off to intentionally to sabotage the dam
(Figure 9) (Haynes, 1971; King and Putnam, 1994; McCormick, 1987).

Figure 9. Pleasant Valley Dam failure newspaper article title. It appeared as a Yakima
Morning Herald front page article title on February 6, 1909.
The resulting flood caused significant channel incision as documented by Haynes
(1971) during an interview with witness Mrs. Maude Shaver. Dunham (2007) also
discussed the channel incision from the dam failure in a Selah Creek benthic
macroinvertebrate study. The dam was subsequently repaired later during the spring of
1909 and there was still some mention of the news from Pleasant Valley and Spitzenburg
throughout the year in the Yakima newspapers.
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The Dam Fails Again!
Nearly one year later, on January 25, 1910, the Pleasant Valley Dam failed for a
second time under similar circumstances (Figure 10). There might have been a couple of
fatalities when the Stump family’s wagon reportedly overturned as they attempted to
cross the swollen stream (Haynes, 1971; King and Putnam, 1994). These fatalities were
never confirmed, although YTC archeological staff have spent some time investigating
(G. Cauffman, personal communication, 2007).

Figure 10. Pleasant Valley Dam second failure newspaper article title. It appeared as a
Yakima Morning Herald article title on January 26, 1910.
Most of the homesteads in Pleasant Valley and the nearby town of Spitzenburg
were abandoned after the second dam failure in 1910. A few homesteaders remained until
the Army acquired their land at the beginning of World War II (Owens, 2005). The
Bernhardt Ranch (archeological site number 45YA527), located ~4 km downstream of
the Pleasant Valley Dam site (Figure 6), was one of these homesteads. Most of the dam,
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including the cement wall core, remains intact to the present day (Figure 11), as the two
failures were localized to where the aqueduct exited the reservoir.

~12 m

Figure 11. The abandoned Pleasant Valley Dam in May 2007 (viewed facing southeast).
Selah Creek Modern Arroyo Results
The following historical photographs, aerial photographs, and field observations
document the changes in the Selah Creek channel following the floods resulting from the
dam failures. A 1908 photograph shows a relatively wide, free-flowing Selah Creek
(middle left) compared to the narrow, dry, deeply-incised channel in the 2009 photograph
taken at the same location (Figure 12). Government Land Office (GLO) survey notes
written in 1867 that were located did not contain any specific information about the Selah
Creek channel.
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1908 (A)

Selah Creek flowing

Channel incision and
lack of flow

2009 (B)
Figure 12. Pleasant Valley 1908 (A) and March 2009 (B) comparison. Viewed facing to
the west approximately 2.3 km downstream of the dam site (Figure 6). The 1908
photograph appeared as part of a full page advertisement for the Pleasant Valley
Irrigation Company in the February 23, 1908 Yakima Morning Herald to try to entice
settlers to buy property for orchards. The Selah Creek channel appears to be wide and
shallow with flow (middle left). In the 2009 photograph (B) there is a dry, incised
channel (top edge of modern arroyo, middle left, partially out of view). Also note the
mock minaret (middle right) used during military training including convoy live fire
exercises conducted in preparation for deployments to Iraq and Afghanistan. Settlers one
hundred years ago probably would not have imagined this to be standing here today.
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DEMs derived from LiDAR data illustrate the large incised channels (Figure 13).
Also visible are small channels that are not noticeable in the field, but can be
distinguished on the LiDAR imagery (Figure 13). The small channels connect to
knickpoints located at the uppermost extent of incised channels forming a dendritic
pattern (Figure 13). Other small abandoned channels are observed either flowing to other
knickpoints or cut by the large incised channel.
The Bernhardt family transported water in containers by horse-drawn wagon
(Figures 6 and 14) from Selah Springs (located at the current Badger Pocket Road
Small hidden channels leading to incised channels

Flow

Selah Airstrip

Dam Site

$

Figure 13. Small hidden channels on LiDAR imagery. These channels lead to the larger
incised channels situated in both a dendritic pattern and single channel located in the
central portion of the modern Selah Creek arroyo. The modern arroyo is represented as a
red line in the locator map.
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Steep Sediment Wall

Dry Stream Channel

Figure 14. Selah Creek modern arroyo in 1920. Photograph of a horse-drawn wagon that
was used to transport water containers ~8 km from Selah Springs to the Bernhardt Ranch
constructed on land purchased by the Bernhardt family in 1920 (Figure 6) (Owen, 2005).
The modern arroyo wall is seen in the background and the stream channel under the
wagon is dry. This photograph was originally from the Bernhardt family photograph
collection and was adapted from Owen (2005).
Bridge) 8 km up Pleasant Valley to the Bernhardt Ranch (Figure 6) because there was no
other water source readily available (Owen, 2005). In the background of a photograph
taken along Selah Creek ca. 1920 (Figure 14), a steep wall of sediment is exposed with
the vegetation growing on the flat surface above the wall.
Aerial photographs of the study area taken in 1949 and 1959 were obtained and
compared with those taken in 2005 (Figure 15). A meander bend is observed on the 1949
photograph while on oxbow is present on the 2005 photograph (Figure 15) at the same
location, confirmed by field observations. The elevation of the present-day channel that
cuts this oxbow is about one meter lower than the elevation of the oxbow channel.
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Figure 15. Comparison of Selah Creek arroyo between 1959 and 2005. Comparison of
channel morphology in the (A) 1949 and (B) 2005 aerial photographs for the western
two-thirds of the modern Selah Creek arroyo.
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Galm et al. (2000) and Bonsen et al. (2003) noted aggradation of up to 1 m in the
bottom of the channel in this same area compared to previous archeological and riparian
assessment studies conducted before the winter of 1998-1999. This aggradation was
attributed to deposition during a high flow event in 1999. Galm et al. (2000) documented
1 to 1.5 m of deposition in the channel located in lower portion of Pleasant Valley
between the fall of 1998 and the spring of 1999, resulting from sediment transport during
winter flooding. The aerial photographs also show some widening of the arroyo channel
between 1959 and the present (Figure 15). There are several locations where old beer
cans, Pepsi cans (1960s vintage), and a large bone were observed in situ on the wall of
the modern arroyo (Figure 15). These are located up to several meters below the top of
arroyo wall.
Selah Creek Modern Arroyo Discussion
The two dam failures and subsequent channel incision changed the channel
morphology, hydrology, and ecology of the middle reach of Selah Creek to what it is
today. The 1908 photograph (Figure 12) of Selah Creek taken prior to dam construction,
shows conclusively that no channel incision existed prior to the dam failures. The modern
arroyo incision in the middle reach of Selah Creek is primarily attributed to flooding
associated with the failures of the Pleasant Valley Dam on February 5, 1909 and January
25, 1910. The 1949 and 1959 aerial photographs show the same large incised channels
with similar flow paths and morphology as the channels in the 2005 aerial photographs
(Figure 15). The modern arroyo wall and channel bottom is visible in the ca. 1920
photograph of the water transportation wagon (Figure 14). The comparison of the aerial
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photographs appears to show that there have been periods of degradation and aggradation
occurring in the active inset channel within the larger entrenched channel since at least
1949 (Figure 15). Currently only ephemeral flow exists along the middle reach of Selah
Creek. Intermittent flow does exist upstream of the study sites near Taylor Pond and
downstream at Selah Springs located just east of the Selah Creek bridge on the Badger
Pocket Road (Figure 6). After the channel incision from the dam failure floods, Selah
Creek has only carried flow its entire length during infrequent flood events, which may
occur years apart. The last three documented events occurred in 1996, 1999, and 2008.
The loess and fine-grained alluvial deposits would have been easily entrained by
the dam failure flood waters, as they are easily erodible. Given that the flood resulted
from a dam failure, erosion and subsequent sediment entrainment was probably
magnified. While the turbidity of the water impounded behind the dam is unknown, it
probably contained less suspended sediment than the flood waters flowing into the
reservoir, as the sediment would have had some time to settle out behind the dam. This
less sediment-laden water was likely able to entrain a significant amount of sediment
downstream upon release from the dam, which could have increased channel incision
compared to a natural flood event.
High resolution DEMs developed from the 2008 LiDAR data also provide clues
into the formation of the arroyo channel. Small channels only visible on these DEMs
were either formed naturally before the Pleasant Valley Dam was constructed or formed
during the initial surge of water from the first dam failure before the main Selah Creek
channel deeply incised through this reach. Some of these small channels appear to lead
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directly to knickpoints downstream that could have receded up stream during the damfailure floods (Figure 13). These DEMs allow for partially locating the position of the
pre-dam failure Selah Creek channel(s). It appears that the primary Selah Creek channel
kept a similar position during and after entrenchment.
The decrease in stream channel elevation due to the incision from the dam failure
floods subsequently lowered the water table and removed the creek from the floodplain
(Figure 12, B. 2009 photograph; Figure 13). The 1908 photograph also shows that at that
time, no more riparian vegetation existed along this reach of Selah Creek than in 2009;
although it is possible there could have been anthropogenic disturbance in the form of
grazing or manual vegetation removal prior to this photograph being taken. This lowering
of the water table might at least partially explain why this reach of Selah Creek contained
near perennial flow (Haynes, 1971) before construction of the dam while now flow only
exists during very infrequent, short duration runoff events. The 2009 photograph taken at
nearly the same location as the 1908 photograph shows an example of how the stream
channel changed from broad and shallow with near perennial flow (Haynes, 1971) to
deeply incised with very infrequent flow.
The photograph of the Bernhardt Ranch water transportation wagon (Figure 14)
taken ca. 1920 and witness accounts of a member of the Bernhardt family (Owens, 2005)
confirm the segment of Selah Creek within the modern arroyo was not a reliable water
source for the ranch. The water for the ranch was transported ~8 km from Selah Springs
along the entirety of the modern arroyo to the ranch since this was the closest available
water source (Owen, 2005).
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The series of aerial photographs taken since 1949 and observations by natural
resource staff and archeologists document the inset channel within the main arroyo has
seen periods of degradation and aggradation since the dam-failure flood incisions
occurred in 1909 and 1910. It is difficult to discern how the beer can, Pepsi cans, and
large bone ended up in situ in the arroyo wall more than a meter from the top of the wall.
It is possible at least the location of the Pepsi cans and large bone (Figure 15) might have
been a garbage burial pit, given the small depression on the surface and the observation
that the arroyo wall was located south of the current location in the 1949 aerial
photographs (Figure 15). The channel appears to have widened in this section between
1949 and the present day. While this inset channel has seen adjustments since the dam
failure floods, the configuration of the primary arroyo entrenchment has not changed
dramatically since incision in 1909 and 1910 (Figure 15).
Regional Modern Arroyo Results
While the modern arroyo incision along Selah Creek was caused by the action of
floodwaters being released during two separate breaches of a Euro-American constructed
dam in 1909 and 1910, other less obvious timing and processes led to the incision of
modern arroyo channels along many streams both regionally and within the YTC. The
first section describes the results of the mapping of the modern arroyos within the YTC
and nearby watersheds during this study. The second section is the results of determining
the timing of the formation of the modern arroyos by this study and Sullivan (1994).
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Arroyo Mapping
A secondary component of this study was to map the present day extents of the
modern arroyos channels on or nearby the YTC. Sullivan (1994) previously mapped the
Johnson Creek arroyo, but an inventory of all arroyos on the YTC and nearby was
lacking. Deep channel incisions through the YTC were distinguished on the 2005 aerial
photographs by observing steep channel walls, shadows cast by the channel walls, and
changes in vegetation. Long continuous deeply incised channels were mapped along
Selah, Cold, and Johnson Creeks. Short discontinuous deeply incised arroyo channels
were mapped along Hanson, Cottonwood, Middle, Alkali, Lmuma, and North Fork
Lmuma Creeks, in addition to some unnamed tributaries within the YTC boundary.
The entire length of the modern arroyos in Selah, Cold, Johnson, and Hanson
Creeks and segments of the others were walked and inspected as part of this study, not
only to verify the modern incision, but also to search for evidence of paleo-arroyo
channels. The locations of these deeply incised channels throughout the YTC and
immediate vicinity are presented in Figure 16.
Short, discontinuous, deeply-incised channels were also observed on the 2005
aerial photographs and by field observations along both Ryegrass Coulee and Johnston
Creek located just north of the YTC and along Interstate 90. Tall cut banks located at
least on the south side of each creek on 2011 Google Earth imagery were observed along
Whiskey Dick and Skookumchuck Creeks located north of Ryegrass Coulee. Channel
incisions down to what appears to be bedrock in Dry Creek within the Hanford Reach
National Monument – Rattlesnake Unit were identified on 2011 Google Earth imagery.
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Dam Site

Figure 16. Modern arroyo locations on the YTC and in adjacent watersheds. These were
mapped as part of this study. The Dry Creek arroyo is located ~15 km to the southeast of
the southeast corner of the YTC.
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Incision Timing
While the incision of the Selah Creek arroyo is well constrained to the time of the
dam-failure floods, the incision timing of other modern arroyos (Figure 16) was not as
well known. Channel incision with what appeared to be a similar extent and depth to the
present day was observed during examination of aerial photographs taken in 1942 of
Ryegrass Coulee, Lmuma Creek, Hanson Creek, Cottonwood Creek, and Alkali Canyon
(Appendix A). A distinct change in vegetation cover between the vegetation located
within the arroyo channels and the perched floodplain surfaces above the arroyos was
observed. Dense riparian vegetation including trees was observed in the incised channels
while sparse vegetation and grasses were observed on the surfaces above the incised
stream channels. Many of the arroyo walls on the 1942 photographs appear to be distinct
or freshly eroded compared to observations of the same channels in the 2011 photographs
(Appendix A). The channels are slightly wider in the 2011 photographs than in 1942.
The following sections include the results of this study of dendrochronology and
aerial photograph examination work for the modern Cold Creek arroyo and the results of
aerial photograph examination for Johnson Creek by Sullivan (1994) and this study.
Cold Creek
The modern arroyo along Cold Creek has some of the most continuous and
deepest segments of any within the YTC area. The Cold Creek channel is discussed in the
GLO notes from 1867, but there was no mention of channel incision. Personal accounts
of the Cold Creek arroyo incision were given to the YTC Natural Resources Manager
Peter Nissen a number of years ago from ranchers who lived in the area and observed the
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channel incise rapidly (B. Cochrane, personal communication, 2009). These witness
accounts stated that the modern Cold Creek arroyo incised during the 1930s (ENRD,
2002; B. Cochrane, personal communication, 2009). Channel incision is observed on
aerial photographs taken in 1949 and 1959 over a similar extent and depth as that of the
present day. Vegetation including trees was growing within the Cold Creek arroyo in
1949 (Appendix A). The arroyo walls of the Cold Creek and tributary channels appear
very distinct compared to the 2011 aerial photographs where some of the arroyos are not
as abrupt, especially the tributary arroyos.
A secondary component of this study included coring large cottonwood trees
growing in the bottom of the Cold Creek arroyo (Figure 17) cutting through the Coffin
Ranch site to determine a minimum age constraint for timing of the modern incision and
to verify the personal accounts of the ranchers. Coffin Ranch is located on the uppermost
section of the arroyo above the primary culvert crossing of Cold Creek (Figure 6; Figure
A8). Tree ring cores were collected and examined from five trees located in the bottom of
the incised channel (Figure A8; UTM Easting 727521 and Northing 5166881). The
largest trees were cored in the hope that they would yield the longest tree ring record,
assuming equal growing rates. These cottonwood trees provide a minimum age constraint
since they would not have started growing on the channel bottom until after the modern
arroyo incised. Given the constraints of examining the cottonwood trees discussed in the
Methods chapter, at least 70 rings were counted in two of the larger trees. The Coffin
Ranch area burned in the summer of 2008, possibly killing some of the trees that were
cored; the tree cores were extracted in 2007.
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Figure 17. An example of cottonwood trees along Cold Creek. These are similar to those
at Coffin Ranch growing in bottom of the Cold Creek arroyo near the eastern boundary of
the YTC.
Johnson Creek
GLO notes from the late 1800s for Johnson Creek did not mention any channel
incision during this period (Sullivan, 1994). Sullivan (1994) examined a series of aerial
photographs including those taken in 1942, 1954, 1972, and 1993 to attempt to determine
when incision of the modern arroyo occurred. From observing these aerial photographs,
he documented that incision of some channel segments began before the 1942
photographs were taken. These segments continued to entrench deeper and others began
to incise as the photo series progressed, most notably during the time between the 1954
and 1972 photographs. The channels appeared to have widened during the time between
the 1972 and 1993 photographs. The 1942 and 1954 photographs were examined as part
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of this study and it appeared much of the channel incision had taken place by 1954
(Figure A4), with the channel widening after that time.
Regional Modern Arroyo Discussion
South-Central Washington Arroyos
Modern day arroyo channels exist within many YTC and surrounding watersheds.
The interpretations of examining the oldest available aerial photographs (1942, 1949, or
1955) for all modern arroyos located in south-central Washington including the YTC are
included in Table 1. Most of these historical aerial photographs are included in Appendix
A including a comparison to 2011 aerial photographs from Google Earth of the same
locations. The incision timing for the Cold Creek arroyo is also based on the
dendrochronology work in this study and the witness accounts of the ranchers.
Euro-American land use change beginning in the late 1800s has been identified a
primary cause of modern arroyo incision by previous studies both on the YTC (Sullivan,
1994; Galm et al., 2000) and regionally (Buckley, 1992; Blanton, 2004; Huckleberry,
2007; Peacock, 1994). While Euro-American land-use might have removed vegetation,
thus destabilizing riparian areas along the streams, it is also possible that other variables
including the sediment characteristics, sediment deposition rates, climate patterns, and
flooding characteristics among others played a role in the incision of the modern arroyos.
Examination of historical aerial photographs showed that most of the short
discontinuous arroyos incised sometime prior to 1942. If the timing of these channel
incisions were more closely constrained, then the synchronicity of incision across the
YTC and surrounding areas could be determined. If any of the incision is synchronous it
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TABLE 1. TIMING OF MODERN ARROYO INCISION ON YTC
AND ADJACENT STREAMS
Modern Arroyo
Stream
Incision Timing
Source
(Year A.D.)
Selah Creek
1909-1910
Haynes (1971); Dunham (2007); this
study
Cold Creek
Before 1949;
ENRD (2002); B. Cochrane,
specifically the 1930s
personal communication, (2009);
(1933?)
this study
Johnson Creek

Started before 1942,
more before 1954

Sullivan (1994); this study

Ryegrass Coulee

Before 1942

This study (1942 aerial photos)

Alkali Canyon

Before 1942

This study (1942 aerial photos)

Johnston Creek

Before 1942

This study (1942 aerial photos)

Hanson Creek

Before 1942

This study (1942 aerial photos)

Cottonwood Creek

Before 1942

This study (1942 aerial photos)

Lmuma Creek

Before 1942

This study (1942 aerial photos)

Dry Creek

Before 1955

This study (1955 aerial photograph
of only the far western segment of
channel incision)

might help narrow the possible cause(s) of incision.
While the hypothesis that these oversized channels incised because of
anthropogenic causes, such as overgrazing, initially seems reasonable, other factors that
might play an equal or even greater role in the regional incision of modern arroyos need
to be examined thoroughly before arriving at an explanation of why the modern arroyos
incised. An abundant sediment supply of loess resulting from the last glacial period
aggraded stream channel elevations dramatically from where they were at the beginning
of the Holocene to the present. Increased ENSO variability and strength over the last
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century (Li et al., 2011) might have allowed for more frequent, intense storms causing
severe flooding. An example of this is a large regional flood event in 1933, during a La
Niña year, that might have led to the incision of Cold Creek and other arroyos on the
YTC (Table 1).
It appears that most of the modern arroyos are located in topographic traps. If the
topography is examined up wind (primarily to the west and southwest of the modern
arroyos), it is noticeable that the arroyos are located directly on the leeward side of large
ridges that slow wind speeds (Figure 6), allowing for loess to fall out of suspension from
the air and be deposited. In a number of locations, arroyos incised through sediment that
appears to have aggraded behind relatively narrow bedrock constrictions (Appendix A).
Flow velocities slow in these reaches, allowing for increased deposition. Another
possibility is that there might be natural feedback processes inherent to the streams,
sediment, and topography. More work would need to be done with the LiDAR data to
identify sudden elevation changes at the downstream terminus of the arroyos. These
stream systems might have hit a tipping point where enough sediment had accumulated
that enough force existed during flood events for the stream to incise along knickpoints
upstream returning the channel to a previous elevation. It is possible loss of vegetation
from anthropogenic causes exacerbated these natural processes.
While Sullivan (1994) attributed channel entrenchment of Johnson Creek to
anthropogenic effects, including overgrazing and logging of trees along the riparian
corridors, another anthropogenic land use which Sullivan (1994) mentions, but does not
necessary connect directly with the channel incision, is the railroad line located just to the
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south of Johnson Creek. The railroad line was originally constructed during 1908-1909
(ENRD, 2002; Owens, 2005) and was later converted for use as the John Wayne
recreation trail. The railroad grade cuts all of the ephemeral streams draining the northern
portions of Boylston Mountain and the Saddle Mountains that make up much of the
Johnson Creek watershed. Many of the streams are blocked either entirely or partially by
the fill for the old railroad grade, although some of the larger tributaries do have small
bridges or culverts. Changes in flows and sediment supply would have most likely
resulted from these tributary channels being filled in, as much of the watershed is drained
by these channels. Sediment supply would have decreased substantially as many of the
tributaries were cut off from the main stem Johnson Creek. This change in sediment
supply may or may not have had an effect on channel incision.
Dendrochronology results of >70 year old trees and the incised channel visible in
the 1949 aerial photographs both are in agreement with the witness accounts from the
ranchers that the Cold Creek arroyo incised during the 1930s. While the height and size
of the trees within the arroyo channel in the 1949 photographs is difficult to determine,
just their existence in the bottom of the channel at that time suggests the arroyo must
have incised at least a few years before 1949. If incision of Cold Creek did in fact occur
during the 1930s, it is possible that a flood associated with a large-scale regional flooding
event on December 23, 1933 might have been what caused a significant amount of
channel incision along Cold Creek. The flood of record on the Naches River occurred on
this date. The Naches River at Naches gauge that recorded the flow of this flood is
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located ~23 km west of the confluence of Selah Creek with the Yakima River (Figure
16).
Many arroyos are thought to incise primarily during large infrequent flood events
(Bull, 1997; Waters and Haynes, 2001). In the northwestern U.S., large floods are most
often associated with the La Ni a phase of ENSO (Mantua et al., 1997). All three of the
last documented flow events on Selah Creek have been during La Niña winters (1996,
1999, 2008) with relatively substantial floods during 1996 and 1999. While the timing of
incision of most arroyos on the YTC needs to be better constrained to be able to
conclusively correlate La Niña event floods with arroyo entrenchment, it is important to
keep this in mind for both modern and paleo-arroyo incision.
Other Northwestern U.S. Modern Arroyos
Arroyos exist in the northwestern U.S. outside of the YTC area (Figure 18). The
composition of the incised units differs in the arroyos located in different sub-regions of
the northwestern U.S., which adds an additional variable to consider when making any
direct comparisons. Arroyos located to the east in the Palouse area might have incised
through similar material to that of the YTC because of the abundance of loess and being
located slightly higher than the scour and deposits of the Missoula Floods. No studies
solely on the modern arroyos were identified for the Palouse area of Washington.
Huckleberry (2007) does attribute the modern incision in the Palouse area to EuroAmerican agricultural practices, but does elaborate. Blanton (2004) examined arroyos
along West Foster Creek located in north-central Washington. The arroyos here began to
incise through sediment from late Pleistocene glacial lakes during a flash flood event in
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Figure 18. Northwestern U.S. modern arroyo locations.
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1922, with additional incision between 1939 and 1955. The Meyers Canyon and Camp
Creek arroyos in central Oregon have both been studied. Both incised through alluvial
deposits derived from erodible bedrock material. The Camp Creek arroyo incision is
believed to have started in the early 1900s (Buckley, 1992; Crook County Soil and Water
Conservation District, 2007), while much of the Meyers Canyon incision occurred during
an intense convection storm on July 13, 1956 (Costa and Jarrett, 2008). While this arroyo
incision was attributed to anthropogenic land use changes, it is important to note that the
discharge of the flood causing most of the incision in Meyers Canyon was the largest for
this size of drainage basin ever recorded in the United States (Costa and Jarrett, 2008).

CHAPTER IV
PALEO-ARROYOS
Selah Creek Paleo-Arroyo Results
The Selah Creek paleo-arroyo study sites are located within the modern arroyo
downstream of the Pleasant Valley Dam site (Figures 6 and 19). The Tephra Sample and
Bank Swallow Sites are located ~6.5 km downstream from the dam site. The Tributary
and Fan Sites are located near the upper extent of entrenchment of the modern Selah
Creek arroyo and ~4.3 km downstream from the dam site.
The following sub-sections organized by site name provide locations and
descriptions of the units identified at the Tephra Sample, Bank Swallow, Tributary B, and
Fan Sites. Appendix B contains the detailed stratigraphic descriptions of the units at these
sites. Relative positions and thicknesses are also presented either in the text or Appendix
B. Each site contains one or two profiles that are delineated in Appendix B. Table 2
contains a summary of the results for the 14C, tephra, and OSL samples submitted for
laboratory analysis in this study. Appendix C contains the full laboratory reports. The
results from these samples are also presented on the applicable site figures.
Table 3 contains the results of the samples collected from this same reach of Selah
Creek submitted for laboratory analysis during the Galm et al. (2000) study. Galm et al.
(2000) studied three sites within the middle reach of Selah Creek, none of which
contained any documentation of paleo-channels (Figure 19). The Gabion Locality and
310 Selah Locality were both located on the right bank and contained strata with 14C ages
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Tephra
Sample Site

Gabion Locality
(Galm et al., 2000)

Umtanum Ridge (anticline )
is parallel to valley directly to northeast
(Schuster, 1994)

Abandoned Canal

310 Selah Locality
(Galm et al., 2000)

Bank Swallow Site

Tributary Site B

Fan Site
“Knuckles Ridge”

Tributary
Site A

Flow

Normal fault (buried)

Dam Site
7 km

Continues parallel to base of
ridge across photograph,
downthrown block to south
(Schuster, 1994)

Fan Locality
(Galm et al., 2000)
Alluvial fan
lower extent
2005 photograph

Figure 19. Selah Creek paleo-arroyo study sites (white font). Related features and the extent of the modern arroyo are shown.
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Sample
Type
14
C

TABLE 2. RESULTS OF 14C, TEPHRA, AND OSL SAMPLES FROM THIS STUDY
Site
Sample ID
Age
Age
Material Sampled Depth Easting
14
Name
( C yr BP)
(cal yr BP)
(m)
Bank
BANKSWMID;
600 ± 40
660 to 530
Charcoal (Unit 4.2)
1.5
706415
Swallow Beta – 251393

Northing
5174836

14

C

Bank
Swallow

SAGESTEM;
Beta - 251396

520 ± 60

650 to 490

Charcoal (Unit 4.1)

0.8

706415

5174836

14

C

Fan

FANLOCFLOOD1;
Beta - 251394

110 ± 40

280 to 103

Charcoal (Unit 2.2)

0.45*

708430

5173767

14

C

Fan

FANLOCMID;
Beta - 251395

1000 ± 40

970 to 800

Charcoal (Unit 4.5)

1.1

708430

5173767

14

C

Fan

FanFillBottom;
Beta - 263659

1530 ± 40

1530 to 1340

Charcoal (Unit 4.9)

1.75

708430

5173767

OSL

Bank
Swallow

BANKSW LOESS;
UIC2465

N/A

100 to 80§

Silt to fine grained
sand (Unit 5.3)

1.7

706415

5174836

Tephra

Tephra
Sample

Durkee
Selah Creek

6850

7777 to 7747

Tephra (Unit 5.10)

2.7†

706269

5174862

The ages given in 14C yr BP are the conventional ages. All depths are measured down profile starting at the bottom contact
of the distinct silt to very fine grained sand (Unit 2) unless otherwise noted. UTM measurements are all within zone 10 and
projected in the WGS 84/NAD83 datum.
*Measured upward from the bottom contact of the silt to very fine grained sand.
†Measured from surface (no silt to very fine grained sand present).
§
Uranium contamination compromised this data rendering it invalid; listed only for reference.
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TABLE 3. PROJECT FOGOIL (GALM ET AL., 2000) SAMPLE RESULTS FOR SELAH CREEK LOCALITIES
Site Name
Age
Material Sampled Depth (m)
Easting
Northing
Sample
14
( C yr BP)
Type
14
C
Selah 310
10720 ± 60
Charcoal (Unit 5)
2.6
708027
5174109
Locality
Tephra
Selah 310
Glacier Peak
Tephra (Unit 5)
3.75
708027
5174109
Locality
11600 to 11200
Tephra

Selah 310
Locality

14

C

Gabion
Locality

14

C

Gabion
Locality
Gabion
Locality

Tephra
14

C

Fan Locality

Mt. St. Helens J
12000 to 11000

Tephra (Unit 5)

4.25

708027

5174109

10,020 ± 40

Soil (Unit 5)

3.1

707050

5174665

10,940 ± 70

Soil (Unit 5)

3.1

707050

5174665

Glacier Peak
11600 to 11200

Tephra (Unit 5)

3.25

707050

5174665

3140 ± 70

Soil
(alluvial fan cap)

1.0

708554

5173560

The ages given in 14C yr BP are the conventional ages. All depths are measured down profile starting at the
bottom contact of the distinct silt to very fine grained sand (Unit 2) unless otherwise noted. UTM measurements are
all within zone 10 and projected in the WGS 84/NAD83 datum. Unit numbers listed are for this study and are
generalized without sub-unit numbers; none are from Galm et al. (2000). The only exception is the Fan Locality
sample.
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over 10 ka at depths of less than 4-m, as well as exposures of Glacier Peak (11600-11200
14

C yr BP) and Mt. St. Helens J (12000-11000 14C yr BP) tephras. The Galm et al. (2000)

Fan locality is mentioned in the Fan Site sub-section of this document. None of these
sites contained Mazama tephra, even at the sites with strata older than the Mazama
tephra, 7777-7747 cal yr BP (Zdanowicz et al., 1999). The Galm et al. (2000) results also
include results for samples collected by previous related studies. King and Putnam (1994)
developed stratigraphic profiles for the middle reach of Selah Creek based on both
observations of the modern arroyo walls and exposures from mechanical trenching, but
none of these contained paleo-channels either. The Mazama tephra was identified in
some of these profiles, but 14C ages were not included for modern arroyo wall exposures
in this study.
Tephra Sample Site
Geochemical analysis of a fine grained white tephra sample collected on the right
bank of Selah Creek was conducted at the School of Earth and Environmental Sciences
GeoAnalytical Laboratory at Washington State University. This analysis verified that this
unit is the Mazama tephra (Figure 20; Appendix C). The Mazama tephra (7777-7747 cal
yr BP) is exposed in many locations within this reach of Selah Creek, especially the
lower portion of Pleasant Valley. Unit 1 is well sorted, fine grained sand containing
organic material and an ~1 cm continuous white to gray tephra. Unit 4 is well sorted, fine
to coarse grained sand, and brown whereas Unit 5 is very well sorted, very fine grained
sand, and tan. Unit 4 is laminated with some cross-beds and Unit 5 is massive. The
vertical extent of Unit 4 is 3.6 m and the horizontal extent is 4.9 m. The contact between
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Tephra deposit

Unit 5

Unit 4

Figure 20. Tephra Sample Site. Photograph taken in February 2008 during a rare runoff
event. The channel is normally dry. The view is to the northwest.
Units 4 and 5 is at an angle (Figure 20). Detailed descriptions of a profile at this site are
included in Appendix B, Table B1.
Bank Swallow Site
The Bank Swallow Site is located on the left bank on the upstream side of a
distinct meander bend, which provides one of the more well-exposed cross-sections of
the Selah Creek channel (Figure 19). Unit 1 is well sorted, fine grained sand containing
organic material and an ~1 cm continuous white to gray tephra, and is only 5 cm thick.
Unit 2 is very well sorted, silt to very fine grained sand, laminated, and tan. Unit 4 is well
sorted, fine to coarse grained sand, and brown while Unit 5 is very well sorted, silt to fine
grained sand, and tan (Figure 21; Table B2). Unit 4 is laminated with some cross-beds
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Unit 5

Unit 2

Unit 4

650-490 cal yr BP
OSL
Sample Location
~3 m

660-530 cal yr BP

Figure 21. Bank Swallow Site cross-sectional view. Unit numbers and contacts are
shown. View to northwest. The person for scale is 1.73 m in height.
and Unit 5 is massive. The contact between Units 4 and 5 is near vertical and at an angle.
The fine to coarse grained sands of Unit 4 continue to be exposed to the bottom a 1.63-m
deep excavated trench where a unit of cobbles (Unit 6) was encountered. Table B2
contains detailed descriptions and thicknesses of all of these units. The horizontal extent
of Unit 4 at the Bank Swallow Site is >21 m.
Two 14C samples collected in the middle to upper portions of the Unit 4 yielded
ages of 660-530 cal yrs BP and 650-490 cal yrs BP (Figure 21). The sample with an age
of 660-530 cal yrs BP originated from a continuous charcoal layer, while the sample with
an age of 650-490 cal yrs BP came from a large piece of charcoal not located in a
continuous layer (Figure 21). An optically-stimulated luminescence (OSL) sample was
collected from Unit 5 (Figure 21). Unfortunately this OSL date was inconclusive because
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uranium (U) and thorium (Th) in the sample were very high at 250 ± 0.1 ppm and 61.8 ±
0.1 ppm, respectively (Appendix C).
In addition to the exposure of Unit 4 at this site and the Tephra Sample Site, nine
other exposures of Unit 4 nearby were identified and mapped, including GPS location
data for each (Appendix E). While detailed stratigraphic descriptions of these exposures
were not completed, sediment composition and the stratigraphic positions relative to the
Mazama tephra and Unit 2 were consistent with that of the Bank Swallow Site.
Tributary Sites
Profiles A and B (Figure B2) were described for Tributary Site B. Unit 1 is well
sorted, fine grained sand containing organic material and an ~1 cm continuous white to
gray tephra, and is only 5 cm thick. Unit 2 is very well sorted, silt to very fine grained
sand, laminated, and tan. Unit 4 (Profile B) is fine to coarse grained sand and brown and
Unit 5 (Profile A) is very well sorted, silt to fine grained sand, and tan (Table B3). Unit 5
included a number of finely laminated layers. Several charcoal sub-units of Unit 5 are
exposed on Profile A. Appendix B contains detailed descriptions of these units. The
horizontal extent of Unit 4 at the Tributary B Site is ~11 m. Units 4 and 5 were observed
at the Tributary Site A, but only approximate dimensions of Unit 4 were measured.
Exposure 1 of Unit 4 was 3.7 m high and 9.1 m wide and while exposure 2 of Unit 4 was
3.2 m high and ~2 m wide.
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Fan Site
The Fan Site is located furthest upstream and closest to the dam (Figures 6 and
19). Unit 1 is well sorted, fine grained sand containing organic material and an ~1 cm
continuous white to gray tephra, and is only 5 cm thick. Unit 2 is very well sorted, silt to
very fine grained sand, laminated, and tan. Unit 3 is very well sorted, very fine grained
sand, tan to light brown, and exhibits some jointing. Unit 4 is fine to coarse grained sand
and brown. Unit 5 is very fine grained sand and tan. Unit 4 is also laminated and exhibits
cross-bedding (Figure 22). Table B4 provides detailed descriptions of the units of strata
identified at the Fan Site. The horizontal extent of Unit 4 at the Fan Site is >20 m.
280-0 cal yr BP
Unit 3

~5 m

Unit 2
Unit 4

970-800 cal yr BP

Unit 5
1530-1340 cal yr BP

(Trench)

Figure 22. Fan Site cross-sectional view. View is to the northwest.
Three charcoal samples from this site provided 14C ages (Figure 22). Two were
collected from Unit 4 and one from Unit 2. The charcoal sample collected from a
continuous charcoal layer located within Unit 2 provided an age of 280-0 cal yr BP. The
charcoal sample collected from the middle of Unit 4 has a 14C age of 970-800 cal yr BP.
The charcoal sample collected from lowest portion of Unit 4 has a 14C age of 1530-1340
cal yr BP.
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Selah Creek Paleo-Arroyo Discussion
Pleasant Valley is a relatively broad valley compared to other valleys within the
YTC. It formed north of the “Knuckles Ridge” and south of the Umtanum Ridge anticline
(Figures 3 and 19). The “Knuckles Ridge” was formed by uplift of a normal fault (Figure
19), associated with the Yakima Fold and Thrust Belt, that parallels directly to the north
of this ridge (Schuster, 1994). This ridge allows for Pleasant Valley to act as a
topographic trap for loess in conjunction with the prevailing southwesterly and westerly
winds. Four prominent alluvial fans have formed where small ephemeral stream flow
north down from the “Knuckles Ridge” to Selah Creek (Figure 19). The alluvial fans
control the direction of Selah Creek and forced it to meander northward at some
locations, such as the Fan Site (Figure 19).
Upstream of the study sites and the Pleasant Valley Dam site, the upper reach of
Selah Creek (“Paradise Valley”) opens up into an even broader valley formed in a
syncline between the Umtanum Ridge anticline and the Yakima Ridge anticline (Figures
3 and 6). Below the study sites, Selah Creek passes through a bedrock constriction where
it makes two 90 degree turns near two thrust faults (Schuster, 1994), before flowing into
Selah Canyon (lower reach of Selah Creek) and onto the Yakima River (Figure 3). Selah
Springs, which provides perennial flow to a segment of Selah Creek, is located near this
constriction and is probably associated with the faults in this area.
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Tephra Sample Site
Unit 1 is very thin (~5 cm) and is interpreted as a post-modern arroyo incision soil
containing the 1980 Mt. St. Helens tephra. This unit is documented at all of the Selah
Creek paleo-arroyo sites. Units 2 and 3 were not documented at this site.
A paleo-arroyo has incised through the Valley Fill Alluvium (Unit 5), including
the Mazama tephra sub-unit at multiple locations along this section of the stream. This
tephra unit brackets the maximum age of incision of the paleo-arroyo(s) as 7777-7747 cal
yr BP at this site. The Paleo-Arroyo Fill Alluvium (Unit 4) then aggraded within the
paleo-arroyo channel.
Bank Swallow Site
The site name originated from the many bank swallow nests located within Unit 4
where it is exposed along the arroyo wall. The bank swallows seem to prefer the PaleoArroyo Fill Alluvium (Unit 4) over the more fine-grained Valley Fill Alluvium (Unit 5)
derived from loess. A paleo-arroyo measuring approximately 4-5 m deep and >21 m wide
was identified at this site (Figures 21 and 23). The paleo-arroyo cut tan, very well sorted,
silt to fine grained sand (Valley Fill Alluvium, Unit 5) and filled with brown, fine to
coarse grained sand (Unit 4; Figures 21, 23; Table B2). The fine to coarse grained sands
(Unit 4) continue to be exposed to the bottom a 1.63-m deep excavated trench where a
unit of cobbles (Unit 6) was encountered. This contact is interpreted as the bottom of the
paleo-arroyo channel.
While 14C ages (Figures 21 and 23) were not ideally located in the bottom of the
Paleo-Arroyo Fill Alluvium, they do provide a maximum constraint for when aggradation
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A

A’

280-103 cal yr BP (from Fan Site)

650-490 cal yr BP
OSL
Uranium
Contamination

Modern Arroyo
660-530 cal yr BP

11+ ka (Galm et al., 2000)

~20 m

Not to scale for full length

Figure 23. Bank Swallow Site cross-section A to A’. Location shown on Figure 24.
within the paleo-arroyo channel ceased. Unfortunately the OSL sediment sample
collected from the Valley Fill Alluvium was contaminated with uranium. Appendix D
contains detailed information concerning uranium and thorium concentrations in this
sample.
In addition to the exposure of the paleo-arroyo at this site, nine other paleo-arroyo
exposures nearby were identified and mapped, including GPS location data for each
(Figure 24; Appendix E). While detailed stratigraphic descriptions and age dating of
these exposures were not completed, sediment composition and the stratigraphic
positions relative to the Mazama tephra and Post Paleo-Arroyo Fill Alluvium (Unit 2)
were consistent with that of the Bank Swallow Site.
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By piecing together paleo-arroyo exposures in the vicinity of the Bank Swallow
Site, the approximate path of the paleo-arroyo channel was mapped (Figure 24). A
number of considerations need to be made concerning these approximate paleo-arroyo
channel locations. It is difficult to determine the angle of the paleo-channel in relation to
the angle of the paleo-arroyo fill exposures. Much of the paleo-arroyo channel was
removed during the modern arroyo incision from the dam failure floods. Based on the
paleo-arroyo exposures mapped, it is likely that the general morphology of the paleo-

Tephra
Sample Site
A’
Bank Swallow
Site
A

Figure 24. Bank Swallow and Tephra Sample Sites aerial photograph. The Bank Swallow
Site is located on the upstream left bank side of a prominent meander bend. The PaleoArroyo Fill Alluvium is ~4-5 m deep and >21 m wide. The Tephra Sample Site is located
downstream of here on the right bank upstream of a road crossing of Selah Creek.

64
channel was similar to the modern arroyo. The modern arroyo has more meander bends
and a thus a greater sinuosity near the Bank Swallow Site than upstream portions of this
reach of Selah Creek. The abundance of paleo-arroyo exposures along this same portion
show that the paleo-channel also contained a number of meander bends, although in
different locations than the modern channel. No paleo-arroyo exposures were
documented between 300 m upstream of the Bank Swallow Site and Tributary Site A
(Figure 19). The modern channel contains fewer meander bends in this segment of Selah
Creek. The paleo-arroyo was most likely entirely contained within the footprint of the
modern arroyo and removed during the most recent incision as no exposures were
located.
Tributary Sites
Distinct paleo-arroyo channels were identified on the left bank of the channel.
Tributary Site B is one of the most prominent paleo-arroyos and was the first identified
during this study (Figure 25). The dimensions of these paleo-arroyos were smaller than
those located at the other Selah Creek study sites. The flow direction of these channels
also appears to be perpendicular to the direction of the valley. The paleo-arroyo cut
sediment that is very well sorted, silt to fine grained sand, and tan (Valley Fill Alluvium,
Unit 5) and filled with sediment that is fine to coarse grained sand and brown (Unit 4;
Figure 25; Table B3).
These paleo-tributaries of Selah Creek appear to have cut and filled in the past,
possibly in response to the change in base level of the main-stem Selah Creek. These
tributary cut-and-fill sequences might also be attributed to the same processes that caused
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Figure 25. Tributary Site B cross-sectional view. Exposure of a paleo-tributary to Selah
Creek, which is the most prominent paleo-tributary that cut and filled. The red line
delineates where the wall of the paleo-arroyo was located after a tributary to Selah Creek
cut down into the light very fine-grained Valley Fill Alluvium unit (right) and before the
entrenched channel backfilled with the relatively dark and course paleo-arroyo fill
sediment (left). The height of the exposure is ~5 m.
the main stem of Selah Creek to entrench and aggrade. Examples of paleo-arroyos
forming in these paleo-tributaries are located at Tributary Sites A and B (Figures 19 and
26), both located on the left bank of the channel. The paleo-tributary at Tributary Site B
most likely originated from the small canyon above the alluvial fan.
Fan Site
The site encompasses the left bank of a meander bend turning away from an
alluvial fan (Figure 26). The Fan Site is named for the large alluvial fan located on the
surface adjacent to the site and extending beneath the Valley Fill Alluvium (Unit 5) and
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Paleo-Arroyo Fill Alluvium (Unit 4) at the site. After the Valley Fill Alluvium unit was
deposited on top of an alluvial fan and valley, a paleo-arroyo measuring approximately 45 m deep and >20 m wide incised through the silt to very fine grained sand of the Valley
fill Alluvium, but not all the way to the alluvial fan (Figure 26). The paleo-arroyo then
backfilled with brown fine to coarse grained sands (Paleo-Arroyo Fill Alluvium, Unit 4).
The Paleo-Arroyo Fill Alluvium is also laminated and exhibits cross-bedding (Figure 27).
Table B4 provides detailed descriptions of the units of strata identified at the Fan Site.
The horizontal extent of Unit 4 at the Fan Site is >20 m.
Abandoned Canal
A
B
Tributary
Sites

Fan Site

Fan Site

Alluvial Fan

Figure 26. Fan and Tributary Sites overview. The locations of the Fan and Tributary Sites
are shown on this 2005 aerial photograph. The photograph in the upper right was taken
on the ridge to the southeast of the Fan Site facing to the northwest with a white arrow
pointing to the location of the Fan Site. The remnants of the abandoned Pleasant Valley
Irrigation Company canal are visible in the northeast corner of the aerial photograph.
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Figure 27. Fan Site cross-sectional view with unit names. A. is the entire site including the buried alluvial fan, while B. is a closeup of the Paleo-Arroyo Fill Alluvium (Unit 4).
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The charcoal sample from the Post Paleo-Arroyo Fill Alluvium (Unit 2) provided
an age of 280-0 cal yr BP. The Post Paleo-Arroyo Fill Alluvium caps both the Valley Fill
Alluvium and Paleo-Arroyo Fill Alluvium units. This age of is inferred to be 280-103 cal
yr BP because the continuous charcoal layer and sediment above it were deposited prior
to the modern arroyo incision in 1909. The fact that the charcoal was collected from a
continuous buried layer also suggests that it must be older than the 1909 dam failure. For
spatial orientation the 1908 photograph that shows Selah Creek (Figure 12) prior to
incision was taken ~2 km upstream of the Fan Site.
A less distinct unit of loess/alluvium/weakly formed soil (Unit 3) ~30 cm thick
exists between the Paleo-Arroyo Fill Alluvium and the Post Paleo-Arroyo Fill Alluvium
(Figure 27). This unit is finer-grained than the Paleo-Arroyo Fill Alluvium and consists
of loess either deposited directly by wind or reworked by Selah Creek. It also contains
characteristics of a weakly formed, developing soil and is more weathered than the PaleoArroyo Fill Alluvium.
A contact between the Paleo-Arroyo Fill Alluvium and the Valley Fill Alluvium
was identified at a depth of 3.9 m below the surface (Figure 28). This contact represents
what was the bottom of the paleo-arroyo. A continuous charcoal sub-unit was identified 5
cm above this contact in the paleo-arroyo fill. A sample collected from sub-unit yielded
an age of 1530-1340 cal yr BP (Figures 27 and 28).
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1530-1340 cal yr BP
Paleo-Arroyo Fill
Alluvium
(Unit 4)

Valley Fill
Alluvium
(Unit 5)

Contact

Figure 28. Fan Site Paleo-Arroyo Fill and Valley Fill contact. The contact was exposed in
a small pit excavated to locate an exposure of the bottom of the paleo-arroyo. A sample
collected 5 cm above a distinct contact with the incised Valley Fill unit yielded an age of
1530-1340 cal yr BP, providing a minimum constraint of the age of the arroyo incision.
Paleo-Arroyo Incision Timing and Processes
The paleo-arroyo channel exposures at the Selah Creek study sites document that
Selah Creek has incised and filled at least once prior to Euro-American disturbance. A
paleo-arroyo incised just prior to 1530-1340 cal yr BP based on the 14C results from the
Fan Site. This channel incision occurring prior to historic times shows that arroyo
incision on the YTC cannot be completely attributed to Euro-American disturbance.
The timing of the paleo-arroyo incision is best constrained at the Fan Site. The
charcoal layer 5 cm above the contact of the Paleo-Arroyo Fill Alluvium unit and Valley
Fill Alluvium unit provides an ideal location for a minimum constraint of the incision
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timing. The paleo-arroyo did not appear to incise into the alluvial fan, at least where the
14

C samples were collected, as only the silt to very fine grained Valley Fill Alluvium unit

was exposed in the trench at the base of the exposure. The alluvium to the left of the
Paleo-Arroyo Fill Alluvium was interpreted as the location of Selah Creek during the
time of deposition of the Valley Fill Alluvium unit, because grain size and color match
that of the valley fill unit. The bedding planes in this portion of the Valley Fill Alluvium
unit are also more horizontal than those in the Paleo-Arroyo Fill unit. The
Loess/Alluvium/Soil unit (Unit 3) is only documented at the Fan Site (Figure 27). It is
possible that while this thin, weakly developed soil/alluvium unit was forming after the
paleo-arroyo filled, Selah Creek shifted laterally into the area that has now been removed
by the modern arroyo.
The Galm et al. (2000) Fan locality is also located on the left bank upstream of
this study’s Fan Site. It is on a meander bend where Selah Creek first meets the alluvial
fan. The only 14C sample from this locality was collected from the top of the alluvial fan
surface buried at a depth of 2-m and with an age of 3140±40 14C yr BP. The Valley Fill
Alluvium unit appears to have been deposited after this time. This could provide an
indirect maximum age constraint for paleo-arroyo incision, although an age from
downstream at this study’s Fan Site would more desirable.
An estimated aggradation rate for the filling of the paleo-arroyo at the Fan Site
was calculated by dividing the difference in vertical height between the two 14C ages for
this unit by the number of years between the two ages, taking into account the margin of

71
error of the C ages. This calculation resulted in an estimated rate of aggradation of 2.314

4.5 mm/year.
It was not conclusively determined if there was only one or multiple paleo-arroyo
incision events during the Holocene in Selah Creek because ages were not obtained near
the base of the Paleo-Arroyo Fill Alluvium at the Bank Swallow Site or other locations
where paleo-arroyos were identified. It is possible Selah Creek incised again to form
another paleo-arroyo. Any evidence for this appears to have been lost during the removal
of strata during the modern incision. It is also possible that Selah Creek only moved
laterally to the northeast of the Fan Site while this unit formed and no additional down
cutting occurred. The ages from the middle to upper extent of the Paleo-Arroyo Fill
Alluvium are close enough, 660-530 cal yr BP at the Bank Swallow Site and 970-800 cal
yr BP at the Fan Site, that it is possible the paleo-arroyos at both of these sites incised
during the same event. It is also possible a second paleo-arroyo incised after 970-800 cal
yr BP if it only incised to a shallow depth and/or filled relatively quickly.
In any case, beginning sometime after 560-490 cal yr BP, Selah Creek deposited
the Post Paleo-Arroyo Fill Alluvium documented at most of the sites and localities in
Selah Creek and at localities in other YTC watersheds by Galm et al. (2000). The
depositional environment of a wide, shallow, low velocity stream shown in the 1908
photograph of Selah Creek (Figure 12) seems to fit well for the formation of this Post
Paleo-Arroyo Fill Alluvium unit.
Sediment supply might have had the most influence on the incision of the Selah
Creek paleo-arroyos and those in surrounding watersheds. King and Putnam (1994) and
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Galm et al. (2000) documented an increase in loess accumulation and re-working as
alluvium in the valleys of the YTC during the mid-to-late Holocene, although a specific
cause of this aggradation including a link to paleoclimate was not identified. This influx
of significant amounts of highly erodible sediment raised the elevation of Selah Creek
above the original base elevation relatively abruptly.
Similar to the discussion of the modern arroyos, structural basins such as Pleasant
Valley that formed on the YTC act as topographic traps that captured loess either directly
as eolian deposits or indirectly as alluvium as it eroded from the loess mantle on the
surrounding ridges. Paleo-arroyo incision might have initiated where the structural
bedrock constrictions cause increased upstream sediment deposition within the basins. In
the case of Selah Creek, this constriction point is where the creek leaves Pleasant Valley
and enters Selah Canyon near the Badger Pocket Road Bridge and Selah Springs (Figure
6). This change in stream channel elevation because of increased sediment deposition, in
combination with other factors such as an increase in flood frequency, flood magnitude,
and/or changes in vegetation, could have set in motion the initial channel incision that
then migrated up the valley along a knickpoint forming the paleo-arroyo. The modern
arroyo appears to be formed by this process (Figure 13).
The existence of many charcoal units from which the 14C ages were derived also
shows that range fires occurred within the study area throughout the Holocene. These
fires could have burned riparian vegetation making the affected stream reaches more
susceptible to incision if the fires were followed by large flood events. However few
charcoal layers were documented in the incised Valley Fill Alluvium unit and no defined
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units, only scattered pieces of charcoal, were located in the portion of the valley fill
stratigraphic profile from the time period (just before 1530-1340 cal yr BP) when
incision is likely to have occurred.
Climatic fluctuations could ultimately be the direct or indirect trigger for incision.
Climate fluctuations would have been a direct driving force in the case of drought (loss of
vegetation and fire) and increases in flood frequency and magnitude and indirectly with
an increase in sediment supply. Paleoclimate and possible implications for the timing of
Selah Creek arroyo incision are discussed in further detail in the next chapter.
Regional Paleo-Arroyos
While this study is one of the first to associate the term “paleo-arroyo” with
paleo-channels in the northwestern U.S., other similar cut-and-fill channels have been
identified in at least eastern Washington. These are located both in drainages within the
YTC and the Palouse area on tributary streams to the Palouse and Snake Rivers.
Paleo-channels have been identified and documented by previous studies
(Cochran, 1978; Galm et al., 2000) on YTC streams other than Selah Creek. In the early
stages of this study, when the full lengths of most all of the modern arroyos were walked
and inspected, most of these paleo-channels were observed and additional paleo-channels
were identified. Figure 29 displays the locations of these sites (this study) and localities
(Galm et al., 2000). Table 4 provides a summary of both the paleo-channels identified by
the previous studies and this study. Figures 30-32 provide cross-sectional exposure views
of examples of these paleo-arroyos. Of these three examples, only the Rye Locality had
14

C samples submitted for analysis (Table 4). The other two examples located in Cold
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Rye Locality
Corral Locality

Beaver Dam
Site

Selah Creek
Sites & Localities

Cold Cr. 1 Locality &
Culvert Crossing Site

Cold Cr. 3 &
CC184 Localities

Figure 29. YTC paleo-arroyo sites and paleo-channel localities. Those names ending in
“site” are from this study and those ending in “locality” are from Galm et al. (2000).

TABLE 4. PALEO-CHANNELS IN OTHER YTC WATERSHEDS
Stream Name
Johnson Creek

Site Name
Rye Locality

Incision Timing
Two incisions;
7210 and 6590
14
C yr BP
Unknown

Easting
721699

Northing
5194688

Source
Cochran, 1978;
Galm et al., 2000

Hanson Creek

Beaver Dam Site

723811

5186511

This study

N. Fk. Lmuma
Creek

Corral Locality

Pre-Glacier Peak
tephra

704915

5189700

Galm et al., 2000

Cold Creek

Cold Creek 1 (Coffin
Ranch) Locality

Two incisions;
before 9190 and
3700 14C yr BP

726871

5166994

Galm et al., 2000

Cold Creek

Culvert Crossing Site

Post-Mazama
tephra

728923

5166505

This study

Cold Creek

Cold Creek 3 Localities
(composite)

Two incisions;
before 11,950 and
after 3660
14
C yr BP

275193
275321

5164791
5164836

Galm et al., 2000

Cold Creek

CC 184 Locality

Post-Mazama
tephra

275865

5164688

Galm et al., 2000

UTM measurements are zone 10 except for Cold Creek 3 and CC184 localities which are zone 11; projected in the
WGS84/NAD83 datum.
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Small paleo-channel fill

Figure 30. Johnson Creek Rye Locality paleo-channel cross-sectional view. It is
positioned on the left bank of Johnson Creek at a prominent meander bend.

Paleo-arroyo fill?
Mazama tephra

Paleo-arroyo wall?

Figure 31. Possible Cold Creek paleo-arroyo on right bank at Culvert Crossing Site.
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Large paleo-channel

Figure 32. CC 184 Locality large paleo-channel. Large paleo-channel (middle left) that
cuts the Mazama tephra (not visible in photograph) along right bank of Cold Creek.
Photograph from Galm et al. (2000) report.
Creek both cut the Mazama tephra providing a maximum age constraint for incision of
7777-7747 cal yr BP.
While the Fogoil study (Galm et al., 2000) contained localities within all large
watersheds of the YTC, only a limited number included documented paleo-channels.
Unfortunately evidence of many of the paleo-arroyos might have been removed during
incision of the modern or paleo-channels (Galm et al., 2000). Another problem in some
of the other stream systems, especially Cold Creek, is that many of the meander bends
have formed due to alluvial fans controlling the location of the stream channel. These
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alluvial fans reduce the areas where paleo-arroyos might be exposed. These factors make
piecing together the paleo-channels challenging.
The following section presents results and interpretations from previous alluvial
chronology studies and then adds to these by comparing the timing of paleo-arroyo
incision on Selah Creek. While paleo-arroyo incision was not specifically mentioned in
previous research, some of the alluvial cycles identified by Cochran (1978) and Galm et
al. (2000) involved periods of erosion. Cochran (1978) based the four alluvial cycles on
his work along Johnson Creek, while Galm et al. (2000) expanded it based on their work
throughout the YTC. These cycles were based on composites of all of the Project Fogoil
sites and not just those with paleo-channels. Galm et al. (2000) defined these alluvial
cycles by episodes of soil formation, aggradation, and erosion. These alluvial cycles
extend from the late Pleistocene through the Holocene to the present.
The following summarizes the four alluvial cycles described by Galm et al.
(2000). Most valleys were scoured down to bedrock sometime between 17 and 13 ka at
the end of the last glacial period. Erosion during this time is also documented in the
northern Great Basin (Galm et al., 2000).
Alluvial Cycle 1 began at the conclusion of the last glacial period and includes
episodic sedimentation and adjustment of channels to changes in base level on the
Columbia River following the Missoula floods. Glacier Peak and Mt. St. Helens (MSH) J
series tephras were identified in the fine-grained alluvium above the coarse gravels that
compose the base unit in many areas. A period of degradation occurred sometime prior to
the deposition of the Mazama tephra (7777-7747 cal yr BP), as it is draped over this
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erosional surface (Galm et al., 2000). While not explicitly mentioned by Galm et al.
(2000), Huckleberry (2007) discussed the similar timing of incision and terrace formation
on the Snake and Columbia Rivers (Chatters and Hoover, 1992) with that of incision on
the small streams within the YTC during this time period, suggesting the possibility of a
regional period of channel entrenchment.
Alluvial Cycle 2 began after the Mazama tephra was deposited (7777-7747 cal yr
BP) and includes another period of incision. The paleo-channels at the Rye locality in
Johnson Creek incised during this time period with aggradation occurring through 5890
14

C year BP. This interpretation is consistent with soil development during this period in

Lmuma Creek. The upper boundary of Alluvial Cycle 2 is marked by another
unconformity in the valley fill and paleo-channels ≥1 m in depth (Galm et al., 2000).
Alluvial Cycle 3 began with a period of aggradation between 4000 and 3180 14C
year BP based on radiocarbon ages from Johnson, Foster, Cold, and Lmuma Creeks
(Galm et al., 2000). Galm et al. (2000) attribute rapid filling of paleo-channels and a
change in sediment type (massive silt to thin and medium beds of sandy silt). The upper
limiting age of Alluvial Cycle 3 was not defined by Galm et al. (2000). The temporal
boundary between Alluvial Cycles 3 and 4 has been tentatively placed at 1500 14C years
BP. This age is based on changes in depositional style occurring above a discontinuity in
stratigraphy along North Fork Lmuma and Cold Creeks (Galm et al., 2000).
Alluvial Cycle 4 was marked by a period of aggradation between 1500 and 1000
14

C year BP. The sediment has a more coarse texture than in preceding alluvial cycles

(Galm et al., 2000). These characteristics seem to match those of the alluvial fill in the
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Selah Creek paleo-arroyo. Galm et al. (2000) named the distinctive capping unit on Selah
Creek and other YTC drainages the Historic Flood Alluvium and asserted that could be
from the accelerated deposition and erosion of sediment associated with the introduction
of Euro-American grazing practices in the late 1880s. This unit is referred to by this study
as the Post Paleo-Arroyo Fill Alluvium unit. Alluvial Cycle 4 concluded with the high
erosion and channel incision rates associated with the modern arroyos. The modern
surface is capped by the 1980 MSH tephra buried 5-10 cm below the surface.
Incision of at least two paleo-channels identified by Galm et al. (2000) and one by
this study in the stratigraphy exposed along Cold Creek could theoretically overlap with
the timing of the Selah Creek paleo-arroyo incision (Table 3). Unfortunately no absolute
ages currently exist for these paleo-channels, but rather maximum age constraints based
on stratigraphic positioning. Paleo-channels at the CC 184 Locality and the Culvert
Crossing Site incised through the Mazama tephra (7777-7747 cal yr BP) providing a
maximum age constraint. A paleo-channel at the Cold Creek 3 locality incised through a
unit with an age of 3660 14C yr BP (Table 3). While these large age ranges do not
conclusively show that the incision of the Selah Creek paleo-arroyo is synchronous with
others in the area, it does leave open the possibility that it could be. The alluvial cycles,
concentrating on periods of channel incision/erosion, are also presented in Figures 33 and
34.
Figure 33 presents a composite alluvial chronology for the YTC based on the
results of this study and Galm et al. (2000). Regional vegetation and paleoclimate
reconstructions from previous studies are also included as data specific to the YTC is
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Figure 33. YTC alluvial chronology composite. Alluvial cycles compared to vegetation
and climate from the late Pleistocene through the Holocene.
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This Study

This Study

This Study

Figure 34. Comparison of northwestern U.S. channel entrenchment and aggradation
cycles. In the Selah Creek chronology, Galm et al. (2000) identified the following units
prior to this study: Post Paleo-Arroyo Fill Alluvium unit (named Historic Flood
Alluvium), Glacier Peak tephra, and the late Pleistocene Gravel unit.
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limited. Analysis of pollen on the YTC that could be used for reconstruction of
paleoclimate is limited to one site located along Cold Creek. Pollen was extracted from
the cavity of a bighorn sheep skull (4100-3980 cal yr BP) recovered by YTC
archeological staff and analyzed by the Paleo Research Institute. The pollen record from
this sample indicates that local vegetation was very similar to that of today (Cummings
and Varney, 2005). The location of the skull in the strata is also of interest in relation to
paleo-arroyos. The skull was discovered almost completely embedded in a tall cut bank
of the modern arroyo at a depth of 4 m from the surface and 1.5 m above the modern
channel bottom (Cummings and Varney, 2005). Given the age of the skull, one possible
explanation for it to be located at such a depth is that it was located in a paleo-arroyo fill
unit. This site was not visited as part of this study.
Huckleberry (2007) also identified paleo-channels on Imbler, Rebel Flat,
Willow, and Alkali Flat Creeks in the Palouse region to the east (Figure 18). These areas
for the most part were not scoured by the Missoula floods, although several were affected
by associated slackwater deposition. He also incorporated some data from previous
studies on the Palouse River which is located in classic Scabland topography.
With the exception of 14C ages from a previous study at one site, the only numerical
dating was bracketing with the Mazama tephra and the Missoula Flood slackwater
deposits. He did not identify any synchronization between timing of paleo-channel
incision on these streams based on these relative ages. These streams seemed to be
controlled more by local geologic factors including bedrock controls on gradient and a
steady supply of sediment from loess hillslopes (Huckleberry, 2007). Figure 34 presents
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two alluvial chronologies for the Palouse area streams and the Lower Snake River
(Figure 18) to show any possible correlations with either of the YTC chronologies.
Huckleberry (2007) discusses the overlap in incision timing between the YTC small
streams (Galm et al., 2000) and the Lower Snake River.

CHAPTER V
NEGATIVE CORRELATIONS BETWEEN THE
NORTHWESTERN U.S. AND SOUTHWESTERN U.S.
A secondary objective of this study is to identify any correlations between the
timing of arroyo cycles in the northwestern U.S. and the southwestern U.S. The
hypothesis of a negative temporal correlation between the two regions is based on the
observation that both regions face opposing climate regimes during the same annual- to
decadal-scale time periods in the modern record (Figure 35). In turn it was expected that
the timing of arroyo incision between regions might also have a negative temporal
correlation.
A. February 2010 (El Niño year)

B. February 2011 (La Niña year)
eyyyyyearyear) year_

Green (A) - Wet
Brown (B) - Dry
White (EC) - Equal Chance

Figure 35. Comparison of effects of ENSO conditions between the northwestern U.S. and
southwestern U.S. These maps provide an example of the opposing precipitation regimes
between regions during El Niño and La Niña conditions. Precipitation probabilities
compared to normal conditions for the U.S. (excluding Hawaii) for A. February 2010 (El
Niño year) and B. February 2011 (La Niña year) are displayed. These maps were adapted
from the National Climate Prediction Center (2012).
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In the southwestern U.S., arroyo incision is thought to be more common during
periods of frequent El Niños that bring increased precipitation and flooding (Bull, 1997;
Ely, 1997; Water and Haynes, 2001; Webb et al., 1991). Since the opposite is true for the
northwestern U.S. and floods occur much more frequently during La Niña conditions
(Figure 36), it would seem likely that arroyo incision could occur more frequently during
La Niña years here. Additional data on the timing of arroyo incision in the northwestern
U.S. are necessary to fully test whether arroyo incision in the northwestern U.S. is more
prevalent during periods of La Niña conditions. This information might be somewhat
more difficult to compile than in the southwestern U.S., as there are not as many paleo-

Figure 36. Naches River large flood history with ENSO condition. The ten largest
recorded floods on the Naches River (located ~35 km west of Selah Creek). Eight of the
ten floods occurred in La Ni a years, including six “strong” La Ni a years. ENSO
conditions were neutral during two of the floods and none occurred during years with El
Ni o conditions. Annual peak flow data by water year is from the Naches gauge located
below the confluence with the Tieton River operated by the U.S. Geological Survey from
1909-1979 (USGS, 2011) and by the U.S. Bureau of Reclamation from 1979 to present
(USBOR, 2011). ENSO conditions used are from Mantua (1998). Appendix F contains
additional peak flow data with ENDO conditions for all years recorded on three central
Washington river gauges.
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arroyos to study in the northwestern U.S. The lack of available dendrochronological data
for the northwestern U.S. before ~1500 cal yr BP makes correlating arroyo incision
events to specific fluctuations in climate more challenging, although lake sediment core
records may be an alternative.
Regionally synchronous timing of arroyo incision is more likely to signify a
correlation with climate, whereas asynchronous timing of arroyos could be caused by
local factors, including sediment supply rather than climate. The timing of synchronous
arroyo cycles has also been documented in the southwestern U.S. (Bull, 1997; Harvey
and Pederson, 2011; Hereford, 2002; Water and Haynes, 2001).
While more research is needed in the northwestern U.S. to clearly connect La
Niña conditions to arroyo incision and to identify synchronous arroyo cycles, it is
possible to at least identify any overlap(s) in the timing of incision between the two
regions. If no overlap(s) exist, negative correlations can at least not be ruled out. This is
especially true if there are no overlap(s) when arroyo incision is regionally synchronous.
Modern Arroyos
The beginning of incision of many modern arroyos within the southwestern U.S.
started in the late 1800s (Figure 37). In contrast, most of the modern arroyos in the
northwestern U.S. did not begin to incise until the early to mid-1900s (Figure 37).
Although Euro-American land use including the introduction of grazing has been
attributed to causing riparian zone destabilization (Alford, 1982), it is possible that
climate may have also played a role.
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Figure 37. Timing of modern arroyo incision in the northwestern and southwestern U.S.
Most of the modern incision of streams in the southwestern U.S. occurred during the late
1800s to early 1900s while much of the modern incision of streams in the northwestern
U.S. occurred later in the mid-1900s. ENSO and PDO conditions are provided for
reference.
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During the late 1800s when many of the southwestern U.S. arroyos incised, El
Niño conditions were approximately twice at frequent as La Niñas (Couper-Johnson,
2000), leading to increased flooding that could have caused the channels to incise during
that time period.
Most of the modern arroyos within the northwestern U.S. incised later, starting
two to three decades into the 1900s (Figure 37). The Camp Creek arroyo in Oregon is the
only modern arroyo within the northwestern U.S. known to incise during the late 1800s
(Figure 37) as it incised around 1890 (Welcher, 1993). Besides the Camp Creek arroyo,
the only other exception is the Selah Creek arroyo, which can be somewhat excluded
from this discussion since it incised under unusual circumstances as the result of the dam
failure floods. However, both of the dam failures occurred in La Niña years and were
associated with flood waters filling the reservoir to beyond capacity. The Cold Creek
arroyo is an example of an arroyo that might have incised during a regional flood
associated with a strong La Niña year (1933-1934) (Figure 36). The other south-central
Washington arroyos might have also incised or at least began to incise during this same
regional flooding event. The Pacific Decadal Oscillation (PDO) was also in its cool phase
during much of this period of incision. This would have magnified La Niñas that
occurred during this period.
While the pattern of the southwestern U.S. arroyos incising in the late 1800s and
the northwestern U.S. arroyos incising closer to the mid-1900s doesn’t necessary
constitute a negative correlation, it is important to document this difference in timing. To
positively identify a negative correlation, it is ideal to have a record of more than one
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period or interval of incision represented for each region. It is also just as important to
note the ENSO and PDO conditions that existed during each regional period of incision.
Paleo-Arroyos
To conclusively identify negative correlations of arroyo incision timing between
the northwestern U.S. and southwestern U.S., multiple factors need to be taken into
account. Ideally, sets of regionally synchronous arroyo incision from different streams
would exist in both the northwestern U.S. and southwestern U.S. The timing of these
regionally synchronous incision patterns should also be tied to corresponding
paleoclimate patterns.
While identification of synchronous arroyo incision and paleoclimate
reconstructions are relatively robust in the southwestern U.S., more work needs to be
done to identify both in the northwestern U.S. Galm et al. (2000) have identified some
synchronous events during the early to mid-Holocene on the YTC, but these occurred
thousands of years prior to the majority of the southwestern U.S. arroyo incisions, which
does not provide for a good temporal comparison. Climate reconstructions based on
dendrochronology are also much more complete for the southwestern U.S. than the
northwestern U.S. (Cook et al., 2004). Lake sediment cores may be an alternative to this
relative lack of dendrochronology data. Some lake sediment cores have been studied in
Washington, but the studies focused on longer time periods than just the mid-to-late
Holocene (Walsh et al., 2008; Whitlock et al., 2000). Nelson et al. (2011) compiled lake
sediment records from Castor Lake, north-central Washington to reconstruct drought
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variability over the past 6,000 years. The data for the last ~1500 years of this study
matched relatively well with the dendrochronology data (Nelson et al., 2011).
A comparison of paleo-arroyo incision timing and climate was made between the
northwestern and southwestern U.S. with data from this study and many previous studies
(Figure 38). Many of the documented paleo-arroyos from the southwestern U.S. are
included (Figure 39), although the primary two sets of synchronous timing occur in the
southern Colorado Plateau (Hall, 1977; Hereford, 2002) and the Gila Basin (Waters and
Haynes, 2001). All of these incision timings were included to see if any overlap existed
with those from the northwestern U.S. Appendix G contains a detailed summary of
southwestern U.S. paleo-arroyo incision timings with applicable study authors.
Paleo-climatic reconstruction composites for the Holocene between regions did
not conclusively show alternating climate patterns between regions, but at times there are
some opposing climatic regimes (Figure 38). More detailed data is available for the late
Holocene, including Palmer Drought Severity Index (PDSI) reconstructions, derived
from dendrochronology data available by grid area for much of the U.S. (Cook et al.,
2004). Data for grid areas located in central Washington and northeastern Arizona are
presented in Figure 40. In many instances, opposing drought and high precipitation
patterns are observed between the two regions. Arroyo incision periods are also
superimposed over the PDSI reconstructions in Figure 40. While some of these incision
periods cover both drought and high precipitation periods, many of the arroyo incision
periods do appear to coincide with at least some periods of increased precipitation
(Figure 40).

Figure 38. Comparison of arroyo incision timing and paleo-climate between the northwestern and southwestern U.S.
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Figure 39. Locations of southwestern U.S. paleo-arroyo studies. Incision timing and
references listed in parentheses. The Black Mesa region and Little Colorado River are
referred to as “N. Arizona” on Figure 38.

Figure 40. Comparison of Palmer Drought Severity Index (PDSI) reconstructions over the past 1500 years. Central
Washington is represented by the blue line while northeast Arizona is represented by the red line. Data for the past 2000 years
was available for the southwestern U.S., but no data is available for central Washington before 533 A.D. PDSI reconstruction
lines are 20 year moving means. Light blue shaded time periods are central Washington arroyo incision while light red are that
of northeast Arizona. Negative numbers are below normal precipitation conditions resulting in increased drought conditions
and positive numbers are increased precipitation above normal. Zero is normal precipitation conditions. Negative correlations
between the northwestern and southwestern U.S. are present. There are also some periods of positive correlation or no
correlation. While drought and high precipitation periods overlap for some of the incision periods because of age constraints,
all channel incision periods did include periods of increased precipitation. Cook et al. (2004) developed the PDSI
reconstruction from dendrochronology data. PSDI reconstruction data from Cook et al. (2004) included in this graph was
downloaded at http://www.ncdc.noaa.gov/paleo/newpdsi.html.
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PDO is thought to have been generally in the cool phase from 2200-1200 cal yr
BP (Barron and Anderson, 2011) which would have magnified La Niña events during the
time period when the Selah Creek paleo-arroyo incised. Li et al. (2011) took the Cook et
al. (2004) dendrochronology data and reconstructed ENSO variations over the last 1,100
years. Li et al. (2011) identified an ENSO amplitude cycle of 50-90 years that is closely
related to the tropical Pacific mean state. Li et al. (2011) also identified a general trend of
increased ENSO variability over the past 1,100 years. Additional paleo-climate proxies
for the northwestern U.S. should be identified and compared to further any possible
correlations between fluctuations of paleo-climate and the timing of paleo-arroyo
incision.
Even with the timing of all of the southwestern U.S. paleo-arroyo incisions
presented, few appeared to have overlapped with those from the northwestern U.S.
(Figure 38). While this does not conclusively show the existence of a negative temporal
correlation of incision timing between the two regions due to opposing effects of ENSO
conditions, it does leave open the possibility of such a negative correlation.

CHAPTER VI
CONCLUSIONS
The Pleasant Valley Dam failures of 1909 and 1910 initiated incision of the
modern Selah Creek arroyo exposing evidence of paleo-arroyos in the stratigraphy. The
capacity of the artificial reservoir at the time of the dam failures was ~1042548 m³ (845
acre-feet). The modern arroyo incision of Selah Creek lowered the water table in Pleasant
Valley resulting in a significant decrease in base streams flows compared to what existed
at least in the years immediately preceding the channel incision. Nearby watersheds also
contain modern arroyos that incised primarily before 1942 from other processes. These
modern arroyos and others within the northwestern U.S. mostly incised during the 1930s
while those in the southwestern U.S. incised in the late 1800s to early 1900s.
Selah Creek incised just before 1530-1340 cal yr BP forming a paleo-arroyo. It is
possible that Selah Creek incised and backfilled an additional time during 970-660 cal yr
BP. Additional 14C ages from the Fan and Bank Swallow Sites indicate that filling of the
paleo-arroyo ceased between 650 and 103 cal yr BP, before the deposition of the distinct
0.5-1 m thick, finely-bedded silt unit of Post Paleo-Arroyo Fill Alluvium that caps the
Paleo-Arroyo Fill Alluvium. A paleo-arroyo channel aggradation rate at the Fan Site was
estimated to fall within the range of 2.3-4.5 mm/yr. The Selah Creek paleo-arroyo might
be one of the first documented paleo-arroyos in the northwestern U.S.
Possible causes of the paleo-arroyo incision include a relatively abrupt change in
stream elevation during the mid-to-late Holocene from an influx of loess derived
alluvium in addition to other triggers such as increased flood frequency and magnitude
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associated with increased variability of La Niña conditions. The Naches River recorded
flood history compared to ENSO conditions is an example of a good correlation of
modern, large magnitude flood events with La Niña years in the area. In either of these
scenarios changes in climate could be attributed directly in the case of the La Niña events
and indirectly in the case of the influx of loess.
The verified existence of paleo-arroyos by this study at Selah Creek indicates that
factors in addition to anthropogenic causes were involved before the arrival of EuroAmericans. With this finding and the documentation of paleo- channels and arroyos in
other YTC watersheds by this study and Galm et al. (2000), natural causes of channel
incision should be considered for involvement in the incision of the modern arroyos on
YTC area streams (excluding Selah Creek).
It is apparent from PDSI reconstructions that in many instances the two regions
have opposing precipitation patterns during the same time periods over the last 1500 cal
yr BP. Few overlapping periods of Holocene arroyo incision were found between the
southwestern U.S. and northwestern U.S., including those on Selah Creek. While this
pattern does not conclusively show that a negative correlation of incision timing exists
between the two regions due to opposing precipitation regimes associated with ENSO
conditions, it does show that such a negative correlation could exist.
Future Research
A number of additional studies related directly and indirectly to this work would
further the understanding of these complex processes because this is the first study of
paleo-arroyos on Selah Creek and one of the first within the northwestern U.S. Possible

98
future studies related to arroyos could include more closely constraining the timing and
possible causes of the remaining modern arroyos in the YTC area, locating and
characterizing additional paleo-arroyos on or near the YTC, and determining whether the
timing of incision of the paleo-arroyos is synchronous. Ground-penetrating radar might
be an option to assist with identification of paleo-arroyos. LiDAR data could be evaluated
for slope changes along longitudinal profiles of both the modern and paleo- Selah Creek
channels to identify any areas where over steepening might have taken place, thus
increasing the potential for channel incision. Future research might be able to more
closely constrain synchronous timing of channel incision regionally, thus allowing for
further evaluations of any negative correlations of incision timing between the
northwestern U.S. and southwestern U.S. If this hypothesis is further investigated, it not
only will further the understanding of these processes, but also further paleoclimate
research, in particular with the understanding of paleo-ENSO patterns related to stream
channel changes.
Other possible studies indirectly related to the focus of this study could be
undertaken including research into the origin and extent of the high uranium
concentrations and Pleasant Valley Dam failure flood modeling. Further investigation
into the origin and extent of elevated uranium in soil and sediment could provide valuable
information not only for the U.S. Army in relation to health hazards associated with this
contamination, but also for any future OSL sample collection within the YTC. Modeling
of the Pleasant Valley Dam failure floods with computer software could estimate flows in
Selah Creek during the floods. The Hydrologic Engineering Center River Analysis
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System (HEC-RAS) software and the HEC-GeoRAS software, an ArcGIS extension that
processes HEC-RAS model results, could be used in this endeavor.
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APPENDIXES
Appendix A
Comparison of Modern Arroyos on 1942/1949 and 2011 Aerial Photographs

Rye Locality
Cottonwood
Creek

Coffin Ranch

Figure A1. Modern arroyo locations on and nearby the YTC.
107

Johnston Creek Arroyo

A. 1942

B. 2011

$

600 m
Figure A2. Johnston Creek arroyo A. 1942 and B. 2011. Interstate 90 is visible in the 2011 image.
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A. 1942
Ryegrass Coulee Arroyo

B. 2011

$

400 m
Figure A3. Ryegrass Coulee arroyo A. 1942 and B. 2011. Interstate 90 is visible in the 2011 image.
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$
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1954
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2011

100 m
Collapsed Ranch Buildings
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Figure A4. Johnson Creek arroyo at Rye Locality A. 1942, B. 1954, and C. 2011. The ranch buildings are visible in these aerial
photographs and photograph D. 2007 (facing north). Historic aerial photographs originally examined by Sullivan (1994).

Hanson Creek Arroyo

A. 1942

B. 2011

$

400 m

Figure A5. Hanson Creek arroyo A. 1942 and B. 2011. Eastern segment of those mapped on Figure A1.
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Cottonwood Creek Arroyo

A. 1942

B. 2011

$

200 m
Figure A6. Cottonwood Creek arroyo A. 1942 and B. 2011.
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Alkali Canyon Arroyo

A. 1942

B. 2011

400 m
Figure A7. Alkali Canyon arroyo A. 1942 and B. 2011.
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Cold Creek Arroyo

A. 1949

Coffin Ranch Area

Example of Relatively
Recent Incision
Coffin Ranch

B. 2011

$

Cottonwood Trees
Used for Dendrochronology
400 m
Figure A8. Cold Creek arroyo, Coffin Ranch area, A. 1949 and B. 2011.
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A. 1949

Cold Creek Arroyo
East of Culvert Crossing

B. 2011

$

400 m
Figure A9. Cold Creek arroyo, east of road culvert crossing, A. 1949 and B. 2011.
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Cold Creek Arroyo

A. 1949

West of YTC Boundary

B. 2011

$

400 m
Figure A10. Cold Creek arroyo, west of the YTC boundary, A. 1949 and B. 2011.
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A. 1949

Lmuma Creek Arroyo

B. 2011

$

400 m

Figure A11. Lmuma Creek arroyo, Interstate 82 bridges, A. 1949 and B. 2011. Arroyo is
less defined than other sites. A wall exists in some locations along the left bank (south) of
Lmuma Creek. Most of the wall on the right bank has been removed by erosion.
Construction of Interstate 82 also removed a segment of the arroyo.

Appendix B
Stratigrahic Descriptions
TABLE B1. TEPHRA SAMPLE SITE
Depth (m)
0-0.02

Unit
1.1

Description
Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.02-0.03

1.2

0.03-0.05

1.3

0.05-1.6

5.7

Very well sorted, volcanic tephra deposit, white
to gray
Well sorted, fine grained sand, organic material,
charcoal flecks, brown
Very well sorted, very fine grained sand, tan

1.6-1.9

5.8

Well sorted, granule, tan-brown

1.9-2.7

5.9

Very well sorted, very fine grained sand, tan

2.7-3.1

5.10

Very well sorted, volcanic tephra deposit, white

3.1- >3.5

5.11

Very well sorted, very fine grained sand, tan
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TABLE B2. BANK SWALLOW SITE
Depth (m)

Unit

Description

0-0.02

1.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.02-0.03

1.2

0.03-0.05

1.3

Very well sorted, volcanic tephra deposit, white
to gray
Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.05-0.4

2

Very well sorted, silt to very fine grained sand,
laminated, tan

0.4-1.9

5.1

Very well sorted, silt to fine grained sand, tan

1.9-1.95

5.2

Very well sorted, clay to silt, light brown

1.95- >2.8

5.3

Very well sorted, silt to fine grained sand, tan

0-0.01

1.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.01-0.02

1.2

0.02-0.04

1.3

0.04-0.55

2

0.55-2.55

4.1

Very well sorted, volcanic tephra deposit, white
to gray
Well sorted, fine grained sand, organic material,
charcoal flecks, brown
Very well sorted, silt to very fine grained sand,
laminated, tan
Well sorted, fine to coarse bedded sand, cross
bedded, laminated, in situ localized large charcoal
pieces, brown

2.55-2.555

4.2

Charcoal flecks, continuous along bedding plane,
black

2.555-4.85

4.3

Well sorted, fine to coarse bedded sand, cross
bedded, brown

4.85- >5.1

6

Poorly sorted, coarse gravel to cobbles, brown
and gray

Profile A

Profile B
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Depth (m)

TABLE B3. TRIBUTARY SITE B
Unit
Description

Profile A
0-0.02

1.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.02-0.03

1.2

Very well sorted, volcanic tephra deposit, white
to gray

0.03-0.05

1.3

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.05-0.3

2

0.3-2.1

5.4

Very well sorted, silt to very fine grained sand,
laminated, tan
Very well sorted, very fine grained sand, tan; 24
distinct clay to silt interbeds 0.25-2.5 cm,
interbeds are spaced 0.15-0.2 m apart in profile
depth within the very fine grained sand, tan to
light brown; root structures visible below
interbeds

2.1-2.12

5.5

Charcoal flecks, continuous along bedding plane,
large pieces of sagebrush stems, black

2.12- >3.1

5.6

Very well sorted, very fine grained sand, tan; 15
clay to silt to clay interbeds 0.25-3 cm in
thickness spaced 0.03-0.15 m apart in profile
depth, tan to light brown; root structures visible
below interbeds

0-0.02

1.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.02-0.03

1.2

Very well sorted, volcanic tephra deposit, white
to gray

0.03-0.05

1.3

0.05-0.3

2

Well sorted, fine grained sand, organic material,
charcoal flecks, brown
Very well sorted, silt to very fine grained sand,
laminated, tan

0.3-4.8

4

Well sorted, fine to coarse grained sand, cross
bedded, brown

4.8- >5.8

5

Very well sorted, very fine grained sand, tan

Profile B
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TABLE B4. FAN SITE
Depth (m)

Unit

Description

0-0.02

1.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.02-0.03

1.2

Very well sorted, volcanic tephra deposit, white
to gray

0.03-0.05

1.3

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.05-0.8

2.1

Very well sorted, silt to very fine grained sand,
laminated, tan

0.8-0.801

2.2

Charcoal flecks, continuous along bedding plane,
black

0.801-1.25

2.3

Very well sorted, silt to very fine grained sand,
laminated, tan

1.25-1.55

3

1.55- >4

5

Profile A*

Very well sorted, very fine grained sand, some
jointing characteristic of a weakly developed soil,
tan to light brown.
Very well sorted, silt to fine grained sand, weak
bedding, tan

Profile B
0-0.02

1.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown

0.02-0.03

1.2

Very well sorted, volcanic tephra deposit, white
to gray

0.03-0.05

1.3

0.05-0.8

2.1

Well sorted, fine grained sand, organic material,
charcoal flecks, brown
Very well sorted, silt to very fine grained sand,
laminated, tan

0.8-0.801

2.2

Charcoal flecks, continuous along bedding plane

0.801-1

2.3

Very well sorted, silt to very fine grained sand,
laminated, tan
Very well sorted, very fine grained sand, some
jointing characteristic of a weakly developed soil,
tan to light brown.

1-1.3

3
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TABLE B4. FAN SITE (CONTINUED)
Depth (m)

Unit

Description

Profile B (continued)
1.3-2.1

4.4

Well sorted, medium to coarse bedded sand, cross
bedded, brown

2.1-2.105

4.5

Charcoal flecks, continuous along bedding plane,
black

2.105-2.4

4.6

Well sorted, medium to coarse bedded sand, cross
bedded, brown

2.4-2.8

4.7

Well sorted, medium sand to granule, brown

2.9-3.75

4.8

Well sorted, medium to coarse bedded sand, cross
bedded, brown

3.75-3.755

4.9

Charcoal flecks, continuous along bedding plane,
black

3.755-3.8

4.10

Well sorted, medium to coarse bedded sand,
brown

3.8- >4.7

5

Very well sorted, silt to fine grained sand, tan

* Profile A described here is below and including where charcoal was collected
from the Unit 2.2. The alluvial fan (Galm et al., 2000) directly south of this profile
dips at an angle toward this sediment in this profile, but it was not was observed as
it is buried.
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Profile A

Profile B

Figure B1. Bank Swallow Site profile A and B locations. Cross-sectional view is of the
left bank of Selah Creek, view to west.

A.

Profile A
Lower Portion

B.

Profile B

Figure B2. Tributary Site B profile A (A) and B (B) locations. Cross-sectional view is of
the left bank of Selah Creek. Profile A is located directly upstream of profile B.
Photographs from (A) and (B) are not directly adjacent as (A) is only an example of the
lower portion of profile A. View to south.
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Profile A

Profile B

1
0
2
3
4

5
4
(m)
5
m)
Figure B3. Fan Site profile A and B locations. Cross-sectional view of the left bank of
Selah Creek, view to northwest.

Appendix C
Sample Laboratory Results for 14C, Tephra, and OSL Sample Analysis

125

126

127

128

129

130

131

132

133

134
Tephra Sample Laboratory Results

Optically-Stimulated Luminescence (OSL) Laboratory Results
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Appendix D
Optically-Stimulated Luminescence (OSL) Uranium Contamination Information
The following provides information related to the uranium contamination of the
sediment collected for the optically-stimulated luminescence (OSL) sample at the Bank
Swallow Site located along Selah Creek in the military training Range 15 at UTM
5174825 N, 706400 E (Zone 10, WGS84).
Part of the OSL lab process involves determining the concentrations of uranium
(U) and thorium (Th) so that a calibration can be made as increased amounts of these
elements can cause the calculated age to appear artificially more recent than the actual
age. The uranium and thorium concentrations in the quartz crystals that were taken from
the sediment sample ended up being fairly high, far above common background levels.
The uranium was at 250 ppm and the thorium was at 61.8 ppm. Background U
concentrations in soil usually range from 0.7-11 ppm while low grade uranium ore is
1000 ppm (Ulmer-Scholle, 2010). Background concentrations of Th typically range from
2-12 ppm (United States Public Health Service, 1990).
These high concentrations led to the OSL age appearing to be much more recent
(90 cal years BP) than the actual age of the sediment burial (estimated to be >2000 cal
years BP based on nearby 14C samples). In a sample with background concentrations of U
and Th, after burial ionizing radiation from the decay of naturally occurring U, Th, and K
produces free electrons which are subsequently trapped in crystallographic charge defects
in silicate minerals. The high concentrations of U and Th in the Bank Swallow Site
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sample increased the free electrons trapped in the charge defects substantially beyond
what can be calibrated (S. Forman, personal communication, 2009).
The most likely source of the high uranium is from dispersion of depleted
uranium from army antitank munitions fired at nearby targets. Other possible, but less
likely, sources of the uranium could include fallout from the Hanford Nuclear
Reservation during the 1940s or later that could have been transported to the YTC during
strong, but infrequent east winds or the contamination could be a natural anomaly.
Further investigation will need to be completed to conclusively identify the source and
the extent of the uranium contamination. The results for the OSL sample did not
differentiate the U by isotope which may assist with verifying the source, as depleted
uranium (DU) concentrations of the U-238 isotope are higher (99.28% in natural U vs.
99.8% in DU) while the U-235 isotope is lower (0.72% in natural U vs. 0.2% in DU)
(Ulmer-Scholle, 2010). The YTC Environment and Natural Resource Division (ENRD)
was contacted regarding this discovery of high concentrations of uranium in the
sediment. A letter including information about uranium and the sample results was also
mailed to the YTC ENRD point of contact.
Further investigation into the origin and extent of elevated uranium in soil and
sediment could provide valuable information not only for the U.S. Army in relation to
health hazards associated with this contamination, but also for any future OSL sample
collection within the YTC. A possible funding source for this research could include the
Department of Defense’s Strategic Environmental Research and Development Program
(SERDP).

Appendix E
Additional Paleo-Arroyo Exposure Locations near the Bank Swallow Site
TABLE E1. ADDITIONAL PALEO-ARROYO EXPOSURE LOCATIONS
Stream Bank

Easting

Northing

Left

705773

5174921

Right

705798

5174940

Left

705834

5174940

Right

705895

5174927

Left

705951

5174881

Right

705981

5174912

Left

706026

5174887

Right

706507

5174802

Left

706539

5174765

Left

706679

5174709

Exposures are listed in order from downstream to upstream. UTM
measurements are all within zone 10 and projected in the WGS84/NAD83
datum.
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Appendix F
Additional Annual Peak Flow Data with ENSO Condition

Figure F1. Naches River annual peak flows with ENSO condition.

Figure F2. Yakima River annual peak flows with ENSO condition.
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Figure F3. Wenatchee River annual peak flows with ENSO condition.

Appendix G
Southwestern U.S. Paleo-Arroyo Incision Timing Summary
TABLE G1. SOUTHWESTERN U.S. PALEO-ARROYO INCISION TIMING
Cal yr BP

Stream/River

State
Arizona

Source
Waters, 2008; Waters
and Haynes, 2001
Hereford, 2002

500

Gila River Basin*

800-600

Southern Utah† Rivers

Utah

800-600

Little Colorado River

Arizona

Hereford, 2002

800-600

Black Mesa Region

Arizona

Hereford, 2002

800-600

Chaco Canyon

New Mexico

800-600

Little Dolores River

Colorado

1000

Gila River Basin*

Arizona

1500

Zuni River

New Mexico

2000

Gila River Basin*

Arizona

Waters, 2008; Waters
and Haynes, 2001

2300-2100

Chaco Canyon

New Mexico

2500

Gila River Basin*

Arizona

Hall, 1977;
Hereford, 2002
Waters, 2008; Waters
and Haynes, 2001

2500

Zuni River

New Mexico

Bull, 1997

2800

Zuni River

New Mexico

Bull, 1997

4500

Gila River Basin*

Arizona

Waters, 2008; Waters
and Haynes, 2001

8900-6400

Santa Cruz River

Arizona

8300

San Pedro River

Arizona

Waters, 2008; Waters
and Haynes, 2001
Waters, 2008; Waters
and Haynes, 2001

Hall, 1977;
Hereford, 2002
Hayden et al., 2007
Waters, 2008; Waters
and Haynes, 2001
Bull, 1997

*Gila River basin: Santa Cruz and San Pedro Rivers
†
The southern Utah rivers: Virgin River, Escalante River, Paria River, and Kanab
Creek
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